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Introduction 

Color monitors, color scanners, and color printers are becoming the common equipments 
in conipanies, home offices, and homes. The color management among the different 
devices is important ever for the desktop publishing. The color standard sRGB was 
introduced to handle most of uses for non-publishers. Unlike CIE Lab or other color 
standarci, sRGB has easier conversion rules for monitors and also it can be used as a dolor 
reference for the other types of devices. However, the conventional publishers use 
Pantone colors and CMYK values as a reference for printing. The demands for using 
those colors are still high for the high-end publishing and there is the criticism of sRGB 
in its narrow range of gamut. We must respond to those needs. 

GDI+ has various features of gradient fills. When colors cl and c2 are averaged, we 
expect to have the perceptually averaged color. However, sRGB has non-linearity 
produces the problems. Hence simple averaging of sRGB values does not produce the 
desired visual effects. Also GDI+ uses alpha channel for transhicency. When the 
transhicency is 50 %, simple multiplication of 0.5 to the sRGB value does not produce 
the 50 % translucent eflFects. We must linearize the sRGB value before we apply those 
operations to the color. When the linearized information is stored in 8 bit in each 
channel, we lose the accqracy of the original data in the lower values. Some contouring 
artifacts will appear and the resultant image does not look smooth. 

We would like to solve the problems of narrow gamut and non-linearity of sRGB by 
proposing XsRGB format. 



Extension of sRGB and Gamut 



Figure 1 . Extended sROB space in CIE Diagram 
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Figure 1 is a CIE chromaticity diagram. The points A, B, and C represent the red, green, 
and blue points in sRGB. Some printers go beyond sRGB gamut in cyan colors* One 
approach to extend the gamut is to use a laser display device as a color reference. It will 
cover most of the range. However, we need extra calculation to convert the laser device 
colors to the ordinary CRT colors (sRGB). Instead we can extend the range of sRGB 
beyond 1 and below 0. The ideal device can cover a triangle DEF in Figure 1. This 
corresponds to the linear sRGB values of (3,24, - 0.97, 0.06), (- 1.54, 1.88, - 0.20), and 
(- 0.50, 0.04, 1.01). If we want to express those values in 16-bit number, we must use 
1.2.13 (1 bit for sign, 2 bit for integer, and 13 bit for decimals) format. This will cover 
each component within - 4 to 4. 

Keeping the non-linear sRGB in 16-bit is problem. First of all, it is not clear how sRGB 
profile will be extended beyond 1 and below 0, Second, if we extend sRGB smoothly 



(but linearly) beyond 1, the red value at point D reaches nearly 6. Hence, 1.2.13 format is 
not enough for non-linear sRGB. ■ -vlHiMir^ -v- 

I suggest that we always use the linear sRGB in 16-bit format. Each component can have 
8192 levels of shades. The linear and non-linear conversion is accurate in that level. 
When we extend the range of RGB beyond 1 and below 0, the issue of the conversion 
between XsRGB and sRGB appear. We must discuss the conversion strategy and must 
have the standard methods among GDI+ team and ICM venders. 



Color Support 

GDI+'s architecture is based on sRGB and wffl be extended to XsRGB if the agreements 
are met between Microsoft GDI+ group and ICM venders. In addition to the color space, 
GDI+ uses alpha channel. Hence, GDI+ will have (X)sRGB + a^>ha for the basic color 
components. We interpret alpha as the coverage value of the pixel and its value is 
linearly scaled. Since ICM does not deal with alpha values, we do not modify alpha in 
any color format. "Color Support" here means conversions between (X)sRGB and 
different color format like CMYK, etc. \^^'$^ ' : ^ 

The first version of GDI+ APIs will be based on (X)sRGB. The future version will fully 
support ICM. So it is important to discuss the strategy of color conversion and color 
profile with venders. For a preliminary support, GDI+ may supply color conversion 
routines among various color spaces. 

This is different from Java 2D. There are Color class and ColorSpace class in Java 2D. 
Color contains ColorSpace and Color itself could be CMYK or CIE Lab according to its 
ColorSpace. Each drawing primitives must be aMe to hancUe different color space. If we 
use this approach, GDI+ implementation will be complicated. We must receive the 
feedback from printer venders if GDI+ need to have similar approach. 

There are other issues in color space. One is the named color space. Offset printing 
venders may want to have Pantone color names. This can be integrated into GDI+ itself 
For Pantone color images, we can introduce the index bitmaps that can contain the 
Pantone color names in addition to its (X)sRGB values or CMYK values. Image 
importer and image exporter can call a color converter if necessary. If a printer 
recognizes the color names, it can use them. If not, the pixel values in the color table is 
used in printing. 

ICM and GDI+ 

ICM can convert one color space to another. The color spaces that ICM can transform 
are Gray, RGB, CMYK, XYZ, Yxy, Lab, etc. Other features of ICM is that it can read 
and create the color profiles. When we extend sRGB to XsRGB, the venders must agree 



the XsRGB format and produce the profiles. The profile vender do not need to worry 
about the artificial gamut limitations imposed by sRGB. 

If we leverage ICM codes or create wrapper to create ColorConverter class, GDI+ will 
satisfy the needs of color publishers as well as desktop publishers. The extension of ICM 
and its integration to GDI+ will bring the wide acceptance of GDI+ graphics among the 
color publishing industry. 
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FOREWORD 

1) The IEC (International Electrotechnical Commission) is a worldwide organisation for standardisation comprising 
all national electrotechnical committees (IEC National Committees). The object of the IEC is to promote 
international co-operation on all questions concerning standardisation in the electrical and electronic fields. To 
this end and in addition to other activities, the IEC publishes International Standards. Their preparation is 
entrusted to technical committees; any IEC National Committee interested in the subject dealt with may 
participate in this preparatory work. International, governmental and non-governmental organisations liaising 
with the IEC also participate in this preparation. The IEC collaborates closely with the International Organisation 
for Standardisation (ISO) in accordance with conditions determined by agreement between the two organisations. 

2) The formal decisions or agreements of the IEC on technical matters express, as nearly as possible, an 
international consensus of opinion on the relevant subjects since each technical committee has representation 
from all interested National Committees. 

3) The documents produced have the form of recommendations for international use and are published in the form 
of standards, technical reports or guides and they are accepted by the National Committees in that sense. 

4) In order to promote international unification, IEC National Committees undertake to apply IEC International 
Standards transparently to the maximum extent possible in their national and regional standards. Any 
divergence between the IEC Standard and the corresponding national or regional standard shall be clearly 
indicated in the latter. 

5) The IEC provides no marking procedure to indicate its approval and cannot be rendered responsible for any 
equipment declared to be in conformity with one of its standards. 

6) Attention is drawn to the possibility that some of the elements of this International Standard may be the subject 
of patent rights. The IEC shall not be held responsible for identifying any or all such patent rights. 



International Standard IEC 61966 has been prepared by project team 61966: Colour 
measurement and management in multimedia systems and equipment, of IEC technical 
committee TC100: Audio, Video and Multimedia Systems and Equipment. 

The text of this standard is based on 



FDIS 


Report on voting 


XXX/FDIS 


XXX/RVD 



Full information on the voting for the approval of this standard can be found in the report on 
voting indicated in the above table. 



2A308&5053/US 
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1 



GENERAL 



1.1 



Introduction 



The method of digitisation in this part are designed to complement the current colour 
management strategies by enabling a method of handling colour in the operating systems, 
device drivers and the Internet that utilises a simple and robust device independent colour 
definition. This will provide good quality and backward compatibility with minimum transmission 
and system overhead. Based on a calibrated colorimetric RGB colour space well suited to 
cathode ray tube (CRT) displays, flat panel displays, television, scanners, digital cameras, and 
printing systems, such a space can be supported with minimum cost to software and hardware 
vendors. The intent is to promote its adoption by showing the benefits of supporting a standard 
colour space, and the suitability of this standard colour space, sRGB. 

Recently the International Colour Consortium has proposed breakthrough solutions to problems 
in communicating colour in open systems. Yet the ICC profile format does not provide a 
complete solution for all situations. 

Currently, the ICC has one means of tracking and ensuring that a colour is correctly mapped 
from the input to the output colour space. This is done by attaching a profile for the input colour 
space to the image in question. This is appropriate for high end users. However, there are a 
broad range of users that do not require this level of flexibility and control in an embedded 
profile mechanism. Instead it is possible to create a single, standard default colour space 
definition that can be processed as an implicit ICC sRGB profile. Additionally, most existing file 
formats do not, and may never, support colour profile embedding, and finally, there are a broad 
range of uses that actually discourage people from appending any extra data to their files. A 
common standard RGB colour space addresses these issues and is useful and necessary. This 
approach maintains the advantage of a clear relationship with ICC colour management systems 
while minimising software processes and support requirements. 

Application developers and users who do not want the overhead of embedding profiles with 
documents or images should convert them to a common colour space for storage. Currently 
there is a plethora of RGB CRT-based colour spaces attempting to fill this void with little 
guidance or attempts at standardisation. There is a need to merge the many standard and non- 
standard RGB display spaces into a single standard RGB colour space. This standard 
dramatically improves the colour fidelity in the desktop environment by meeting this need. For 
example, if operating system vendors provide support for a this standard RGB colour space, 
the input and output device vendors that support this standard colour space could easily and 
confidently communicate colour without further colour management overhead in the most 
common situations. The three major factors of this RGB space are the colorimetric RGB 
definition, the simple exponent value of 2.2, and the well-defined viewing conditions, along with 
a number of secondary details necessary to enable the clear and unambiguous communication 
of colour. 

The dichotomy between the device dependent (e.g. amounts of ink expressed in CMYK or 
digitised video voltages expressed in RGB) and device independent colour spaces (such as 
CIELAB or CIEXYZ) has created a performance burden on applications that have attempted to 
avoid device colour spaces. This is primarily due to the complexity of the colour transforms 
they need to perform to return the colours to device dependent colour spaces. This situation is 
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worsened by a reliability gap between the complexity and variety of the transforms, making it 
hard to ensure that the system is properly configured. 

This standard addresses these concerns, serves the needs of PC and Web based colour 
imaging systems is based on the average performance of personal computer displays. This 
solution is supported by the following observations: 

• Most computer displays are similar in their key colour characteristics — the phosphor 
chromaticities (primaries) and transfer function 

• RGB spaces are native to displays, scanners and digital cameras, which are the devices 
with the highest performance constraints 

• RGB spaces can be made device independent in a straightforward way. They can also 
describe colour gamuts that are large enough for all but a small number of applications. 

This combination of factors makes a colorimetric RGB space well suited for wide adoption 
since it can both describe the colours in an unambiguous way and be the native space for 
actual hardware devices. This, many readers will recognise, describes in a roundabout way 
what has been the practice in colour television for some 45 years. This proven methodology 
provides excellent performance where it is needed the most, the rapid display of images in 
CRT displays. 

There are two parts to the proposed standard described in this standard: the encoding 
transformations and the reference conditions. The encoding transformations provide all of the 
necessary information to encode an image for optimum display in the reference conditions. If 
actual conditions differ from reference conditions, additional rendering transformations may be 
required. 

1.2 Scope 

The IEC 61966 standards are a series of methods and parameters for colour measurements 
and management for use in multimedia systems and equipment applicable to the assessment 
of colour reproduction. 

This part of IEC 61966 is applicable to the encoding and communication of RGB colours used 
in computer systems and similar applications by defining encoding transformations for use in 
defined reference conditions. The encoding transformations are the default RGB colour 
definition when no other colour space information is available or appropriate. 

If actual conditions differ from the reference conditions, additional rendering transformations 
could be required. Such additional rendering transformations are beyond the scope of this 
standard. 

1.3 Normative References 

The following normative documents contain provisions, which, through reference in this text, 
constitute provisions of this International Standard. At the time of publication, the editions 
indicated were valid. All normative documents are subject to revision, and parties to 
agreements based on this International Standard are encouraged to investigate the possibility 
of applying the most recent editions of the normative documents indicated below. Members of 
IEC and ISO maintain registers of currently valid International Standards 

IEC 60050(845^: 1987, International Electrotechnical Vocabulary (IEV) - Chapter 845: Lighting 

CIE 15.2: 1986. Colorimetry (2nd Ed.) 

CIE 122: 1 996, The relationship between digital and colorimetric data for computer-controlled 
CRT displays 
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ITU-R BT.709-2: 1995, Parameter Values for the HDTV Standards for Production and 
International Programme Exchange 

ISO 3664: 1 975, Photography - Illumination conditions for viewing colour transparencies and 
their reproduction 

ISO 9358 :1994. Optics and optical instruments - Veiling glare of image forming systems — 
Definitions and methods of measurement 

1.4 Definitions 

For the purpose of this International Standard, the following definitions apply. Definitions of 
illuminance, luminance, tristimulus, and other relating lighting terms are defined in reference 
IEC 60050(845) International Electrotechnical Vocabulary (IEV) - Chapter 845 Lighting. Veiling 
glare is defined in reference ISO 9358:1994. 

1.4.1 

ambient illuminance level 

The illuminance level due to lighting in the viewing environment not from the display measured 
normal from the display faceplate at a typical viewing distance. 



1.4.2 

ambient white point 

The coordicate poitn in the CiE 1931 XYZ colour space defined by CIE 15,2 due to lighting in 
the viewing environment, not from the display measured normal from the display faceplate 
relative to a perfect reflecting diffuser. 



1.4.3 

display illuminant white point 

The point in the xy chromaticity diagram defined by CIE 15.2 when the red, green and blue 
channels are at 100 % as measured normal from the display faceplate relative to a perfect 
reflecting diffuser. 

1.4.4 

display background 

The environment of the colour element extending typically for about ten degrees from the edge 
of the proximal field in all, or most directions. When the proximal field is the same colour as the 
background, the latter is regarded as extending from the edge of the colour element considered. 



1.4.5 

display model offset 

The display model offset measured consistently with CIE 122, representing the black offset 
level of the display grid voltage. 



1.4.6 

display gun/phosphor gamma 

The transfer characteristic relating the input signal data and the output luminance as 
represented by an exponential function. This transfer characteristic represents the intrinsic 
characteristics of the CRT display grid voltage and electron beam current acting on the display 
phosphors. 

1.4.7 

display luminance level 

The luminance level of the display measured consistently with CIE 122. 
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1.4.8 

display surround 

The field outside the background, filling the field of vision. 



1.4.9 

display proximal field 

The immediate environment of the colour element considered, extending typically for about two 
degrees from the edge of the colour element considered in all or most directions. 

1.4.10 

World Wide Web 

The universe of network-accessible information, the embodiment of human knowledge. The 
Web has a body of software, and a set of protocols and conventions. Through the use 
hypertext and multimedia techniques, the web is easy for anyone to roam, browse, and 
contribute to. 



REFERENCE CONDITIONS 



2.1 Reference Display Conditions 

1. Display luminance level 80 cd/m2 

2. Display white point x = 0,3127, y = 0,3291 (D65) 

3. Display model Offset (R,G and B) 0,055 

4. Display Gun/Phosphor Gamma (R, G, and B) 2,4 

The CIE chromaticities for the red, green, and blue ITU-R BT. 709-2 reference primaries, and 
for CIE Standard llluminant D65, are given in table 1 . 



Table 1 CIE chromaticities for ITU-R BT.709 reference primaries and CIE standard illuminant 





Red 


Green 


Blue 


D65 


X 


0,6400 


0,3000 


0,1500 


0,3127 


Y 


0,3300 


0,6000 


0,0600 


0,3291 


Z 


0,0300 


0,1000 


0,7900 


0,3583 



The reference display characterisation is based on the CIE 122 display characterisation 
standard. Relative to this standard methodology, the reference display is characterised by the 
equation below. 



V - 

y sRGB 



v r 

1.055J 



'(^+0,055), , (1) 



2.2 Reference Viewing Conditions 

Specifications for the reference viewing environments are based on ISO 3664 and are defined 
as follows: 

1 . Reference Background for the background as part of the display screen, 

the background is 20 % of the reference display 
luminance level 

2. Reference Surround 20 % reflectance of the reference ambient 

illuminance level 
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3. Reference Proximal Field 20 % of the reflectance of the reference display 

luminance level 

4. Reference Ambient Illuminance Level 64 Ix 

5. Reference Ambient White Point x = 0,3457, y = 0,3585 (D50) 

6. Reference Veiling glare 1,0% 

2.3 Reference Observer Conditions 

The reference observer is the CIE 1931 two-degree standard observer from CIE 15.2. 

3 ENCODING CHARACTERISTICS 

3.1 Introduction 

The encoding transformations between 1931 CIEXYZ values and 8 bit RGB values provide 
unambiguous methods to represent optimum image colorimetry when viewed on the reference 
display in the reference viewing conditions by the reference observer. The 1931 CIEXYZ values 
are scaled from 0,0 to 1,0, not 0,0 to 100,0. These non-linear sR'G'B' values represent the 
appearance of the image as displayed on Jhe reference monitor in reference viewing 
environment. The sRGB tristimulus values are linear combinations of the 1931 CIE XYZ values 
as measured on the faceplate of the display, which assumes the absence of any significant 
veiling glare. Recommended treatments for both veiling glare and viewing conditions are 
provided in Annexes G and H. 

3.2 Transformation from RGB values to 1931 CIE XYZ values 

The relationship is defined as follows: 



G s rqb ~ ^Uit 
&SRGB ~ Btoit 



255,0 

255,0 (2) 
255,0 



,f K*cb,G' ,5' < 0,03928 



^sRGB " RsRGB 1 12,92 

G s *cb=G' sRGB +12,92 ( 3 ) 



B srob ~Krgb +12,92 
else Krgb>G' s rgb,Krgb > 0,03928 



^sRGB 



G s rgb 



B S RGB 



\Krgb +0,055)/ 1 
/l,055j 

\R' sRGB+ 0,055)/ ] 
/1,055J 

\Krgb +0,055)/ ] 
A055J 



2.4 



2,4 



(4) 



and 
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X 
Y 
Z 



0,4124 0,3576 0,1805 
0,2126 0,7152 0,0722 
0,0193 0,1192 0,9505 



R 



sRGB 



sRGB 



(5). 



The above equations closely fit a simple power function with an exponent of 2,2. This maintains 
consistency with the legacy of desktop and video images. 

3.3 Transformation from 1931 CIE XYZ values to RGB values 

The sRGB tristimulus values can be computed using the following relationship: 



^sRGB 




" 3,2410 


-1,5374 


-0,4986" 


"x" 




G S RGB 




-0,9692 


1,8760 


0,0416 


Y 


(6) 


_B sRGB _ 




0,0556 


-0,2040 


1,0570 


Z 





In4he RGB encoding process, negative sRGB tristimulus values, and sRGB tristimulus values 
greater than 1,00 are not retained. When encoding software cannot support this extended 
range, the luminance dynamic range and colour gamut of RGB is limited to the tristimulus 
values between 0,0 and 1,0 by simple clipping. 

The sRGB tristimulus values are transformed to non-linear sR'G'B' values as follows: 
« R sR gb>G sRGB ,B sR GB < 0,00304 



R s rgb — 12,92 x/?^ GjB 
G' sRCB =12,92xG jRCfl 
Krgb = 12 ,92xfi^ GB 



(7) 



else #rf GB ,G 



' sRGB » ^ sRGB 



> 0,00304 



sRGB 



= 1,055 xfl 1 « CB (,,0/2-4) -0,055 



G;* Cfl =1.055xG : 



B' sRGB =1,055x5 



sRGB 

ao/2,4) -0 055 

sRGB U ' UJJ 
0,0/2,4) 

sRGB 



(8) 



■0,055 



The non-linear sR'G'B' values are converted to digital code values. This conversion scales the 
above sR'G'B' values by using the equation below where WDC represents the white digital 
count and KDC represents the black digital count. 



*w = ft WDC ~KDC)x R' sRGB ) + KDC 
G» = [(WDC - KDC) x G' sRCB ) + KDC 
B 6bi , = ((WDC - KDC) x B' sRGB ) + KDC 



(9) 



This standard specified a black digital count of 0 and a white digital count of 255 for 24-bit (8- 
bits/channel) encoding. The resulting RGB values are formed according to the following 
equations: 
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(10) 



(11) 



ANNEX A 
(informative) 
Ambiguity in the Definition of the Term "Gamma" 

Historically, both the photographic and television industries claim integral use of the term 
"gamma 11 for different effects. Hurter and Driffield first used the term in the 1890*s in describing 
the straight-line portion of the density vs. log exposure curves that describe photographic 
sensitometry. The photographic sensitometry field has used several interrelated terms to 
describe similar effects, including; gamma, slope, gradient, and contrast. Both Languimier in 
the 1910's and Oliver in the 1940's defined "gamma" for the television industry (and thus the 
computer graphics industry) as the exponential value in both simple and complex power 
functions that describe the relationship between gun voltage and intensity (or luminance). In 
fact, even within the television industry, there are multiple, conflicting definitions of "gamma." 
These include differences in describing physical aspects (such as gun "gamma" and phosphor 
"gamma"). These also include differences in equations for the same physical aspect (there are 
currently at least three commonly used equations in the computer graphics industry to describe 
the relationship between gun voltage and intensity, all of which provide significantly different 
results). After significant insightful feedback from many industries, this standard has chosen to 
explicitly avoid the use of the term "gamma." Furthermore, it appears that the usefulness as an 
unambiguous, constructive standard terminology is impossible and its continued use is 
detrimental to cross standard and unambiguous communication. 

Annex B 
(informative) 
sRGB and ITU-R BT.709-2 Compatibility 

The compatibility between this standard and the ITU-R BT.709-2 was a primary consideration in 
development of this standard. Unfortunately, ITU-R BT.709-2 can be somewhat confusing. This 
annex is an attempt to clarify and reduce this confusion. 

In April 1990 unanimous worldwide agreement on a calibrated non-linear RGB space for HDTV 
production and program exchange in ITU-R BT.709-2 was obtained. This recommendation 
specifies the encoding of real world scene tristimulus values into a reference display RGB 
colour space assuming a dark viewing condition. The ITU specification is rather vague on 
defining the reference display. This standard provides a clear and well-defined reference 
display for ITU-R BT.709-2 for a dim viewing environment. 

ITU-R BT.709-2 specifically describes the encoding transfer function for a video camera that 
when viewed on a "standard" display will produce excellent image quality. The implicit target of 
this encoding is a standard video display whose transfer function is not explicitly delineated. 
Instead a typical display setup is assumed. This paper attempts to explicitly describe a 
standard display characterisation that is compatible with ITU-R BT.709-2. 

This is illustrated in figures B.1-B.3 below. Figure B.1 is directly derived from ITU-R BT.709-2. 
This standard provides mathematical methods to transform from tristimulus values of the scene 
using a video camera into a reference display device space. 



G mt =((255,0 -0,0)xG; /fc J+ 0,0 
«»=((255,0-0 f 0jx^)+0,0 



This is simplified as shown below: „, 

R $bit = 255,0 x/?^ Cfl 
G mt = 255,0 xG^ CB 
B %bit = 255,0x5^ 
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ITU-R 709.BT 



Figure B.1 

Figure B.2 expands the implicit step of these methods, and shows the transformation between 
the original scene tristimulus values into the target display tristimulus values. Since these two 
viewing conditions are different, an implicit compensation is made to account for these 
differences (i.e. veiling glare, surround and ambient illuminance). In order to provide an 
independent display reference colour space, the reference display, viewing conditions and 
observer implicit in the encoding transforms must be extracted from this confounded 
compensation. This is precisely the goal of this standard. 




Figure B.2 



Figure B.3 illustrates both the sRGB colour space and the extraction of the reference display 
specifications (with its viewing conditions) implicit within ITU-R BT. 709-2. By building on this 
system, the sRGB colour space provides a display definition that can be used independently 
from ITU-R BT. 709-2 while maintaining compatibility. 
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Figure B.3 



This sRGB recommendation essentially defines the second part of this transformation between 
the reference RGB display space and the display CIEXYZ tristimulus values in a dim viewing 
environment. 

Annex C 
(informative) 
Usage Guidelines 

C.1 Definition of a Colour Space 

For colour to be reproduced in a predictable manner across different devices and materials, it 
has to be described in a way that is independent of the specific behaviour of the mechanisms 
and materials used to produce it. For instance, colour displays and colour printers use very 
different mechanisms for producing colour. To address this issue, current methods require that 
colour be described using device independent colour co-ordinates, which are translated into 
device dependent colour co-ordinates for each device. 

C.2 Definition of Colour Management: 

Traditionally, operating systems have supported colour by declaring support for a particular 
colour space, RGB in most cases. However, since RGB varies between devices, colour was not 
reliably reproduced across different devices. 

The high-end publishing market could not meet its needs with the traditional means of colour 
support, so the various OS's added support for using International Colour Consortium (ICC) 
profiles to characterise device dependent colours in a device independent way. They use the 
profiles of the input device that created an image and the output device that displayed the 
image and create a transform that moves the image from the input device's colour space to the 
output device's colour space. This resulted in very accurate colour. However, it also involved 
the overhead of transporting the input device's profile with the image and running the image 
through the transform. 

This standard provides an additional means of managing colour that is optimised to meet the 
needs of most users without the overhead of carrying an ICC profile with the image: the 
addition to the OS and the Internet of support for a Standard Colour Space. Since the image is 
in a known colour space and the profile for that colour space would ship with the OS and 
display application, this enables the end users to enjoy the benefits of colour management 
without the overhead of larger files. While it may be argued that profiles could buy slightly 
higher colour accuracy, the benefits of using a standard colour space far out-weigh the 
drawbacks for a wide range of users. The migration of devices to natively support the standard 
colour space will further enhance the speed and quality of the user experience. 
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It is recommended to use the colour space, sRGB, that is consistent with but is a more tightly 
defined derivative of ITU-R BT.709-2 as the standard colour space for the OS's and the 
Internet. In April of 1990 this space obtained unanimous worldwide agreement as the calibrated 
non-linear RGB space for HDTV production and program exchange. 

C.3 Specifying Colour of Page Elements 

Complex documents are often composed of multiple page elements of graphics, text and 
images. These elements may be in different colour spaces. It is recommended that all page 
elements be assumed to be in the sRGB colour space unless embedded ICC profiles (or other 
explicit methods) indicate otherwise. The relationship between sRGB and ICC profiles is shown 
in table C.1 below. 



Table C.1 Relationship between sRGB and ICC Profiles 



ICC and sRGB 


ICC Source Profile 


No ICC Source Profile 


ICC Destination Profile 


ICC Source 
ICC Destination 


sRGB Source 
ICC Destination 


No ICC Destination Profile 


ICC Source 
sRGB Destination 


sRGB Source 
sRGB Destination 



C.4 Standard Colour Space in Practice 



Once page elements are converted to sRGB, the display application should interpret the colour 
space correctly and use the OS colour management to image the page. Table C.2 below 
summarises how the display application handles colour management in each of the possible 
scenarios. 



Table C.2 How a Display Application Handles Colour Management 





Page Element 
Colours (sRGB) 


Page with no Colour 
Space information 


Re-purpose Data outside of 
Display application 
environment 


Embedded Profile in 
Image 


Colour Space for 
Image 

determined by 

embedded 

profile. 


Colour Space for 
Image determined by 
embedded profile. 


Colour Space for Image 
determined by embedded 
profile. 


Image file specifies 
sRGB 


Colour Space for 
Image is sRGB 


Colour Space for 
Image is sRGB 


Colour Space for Image is 
sRGB 


Image has no Colour 
space information. 


Colour Space for 
Image is sRGB 


Colour Space for 
image is sRGB. 


Colour Space for image is 
sRGB. 


Text 


Colour Space for 
text is sRGB 


Colour Space for text 
is sRGB. 


Colour Space for text is sRGB. 


Graphics 


Colour Space for 
Graphics is 
sRGB 


Colour Space for 
graphics is sRGB. 


Colour Space for graphics is 
sRGB. 



C.5 Display Application Scenarios 



The following cases describe what an end-user sees in the various scenarios: 

C5.1 Image not in sRGB, does not have an embedded ICC profile, and no display/output 
device ICC profile 

This is the behaviour before colour management systems were added. Even though the image 
is assumed to be in sRGB colour space, it is imaged (displayed, printed etc.) without translation 
to the device colour space since the output profile is not available. The quality varies 
tremendously since output device characteristics differ greatly. 
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i C5.2 Image not in sRGB, does not have an embedded ICC profile, and system has a 

display/output device ICC profile 

Since the image has no ICC profile, it is assumed to be in the sRGB colour space. In this 
scenario, the resulting image will be consistent across devices; however it could be different 
from the original image. 

C5.3 Image in sRGB, and no display/output device ICC profile 

In this scenario, the image has been run through a transform that consists of the input device 
ICC profile, and the sRGB ICC profile, or it was created using devices that conform to sRGB. 
However, since the system has no ICC profile for the output device, it will simply assume the 
image is in the device's colour space, if all the images rendered on the output device are in 
sRGB, then they will at least be consistent with respect to each other on a given display/output 
device. 

C5.4 Image in sRGB, and system has a display/output device ICC profile 

In this scenario, the image has been run through a transform that consists of the input device 
ICC profile, and the sRGB ICC profile, or it was created using devices that conform to sRGB. 
Because the system has an ICC profile for the output device, the image can be converted to 
the output device's colour space and imaged. The resulting image will be consistent across 
devices, and will be very close to the original in appearance. 

C5.5 Image in sRGB, and display/output device is sRGB compliant 

In this scenario, the image has been run through a transform that consists of the input device 
ICC profile, and the sRGB ICC profile, or it was created using devices that conform to sRGB. 
As the output device has been designed to conform to sRGB, and is associated with that ICC 
profile, a transform is not necessary for this case. The OS realises that no transformation is 
required and simply images the image directly on the output device. This case is ideal since 
there is no colour transformation at output time, and the image is more compact since there is 
no ICC profile embedded in it. The resulting image will be consistent across devices, and will 
be very close to the original in appearance. 

C5.6 Image not in sRGB, has an embedded ICC profile, and no display/output device ICC 
profile 

The decision to save the image in a device specific colour space and embed an ICC profile 
should result in equal or higher quality than saving the image in sRGB. Since the device 
specific colour space will not display correctly on an unknown output device, it will be 
transformed into sRGB, using the embedded ICC profile as the source profile and sRGB as the 
destination profile. 

C5.7 Image not in sRGB, has an embedded ICC profile, and system has a display/output 
device ICC profile 

This is the standard colour management scenario. The two ICC profiles are combined to 
produce a transform that will map the colours of the image into the output device's colour 
space. The resulting image will be consistent across devices, and will be very close to the 
original in appearance. 

C.6 Authoring Scenarios 

The following scenarios describe how to get an image into the sRGB colour space when 
creating it. 

C6.1 Image created on a device that has no ICC profiles and is not sRGB compliant 

Display the image on a display that is sRGB compliant or that has an ICC profile. Edit the 
image until it looks good on the display. For displays that are not sRGB compliant but have ICC 
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profiles, depending on the capabilities of the application, either use the application to save the 
image as sRGB or embed the display's profile into the image, and use a tool to create a 
transform with the display's profile and the sRGB profile and run the image through the 
transform. If the image file format supports it, specify the image is in sRGB. 

C6.2 Image created on a device that has ICC profiles and is not sRGB compliant 

Use a tool to create a transform with device's profile and the sRGB profile. Then run the image 
through the transform, specify the image is in sRGB if the image file format supports it. 

C6.3 Image created on a device that is sRGB compliant 

Specify the image is in sRGB if the image file format supports this. 

C.7 Palette Issues 

There are several different scenarios to consider when dealing with palletised images and 
displays. 

C7.1 Image does not have a colour table (> 8 bpp), and client graphics subsystem is not 
palletised 

The image is run through a colour management transform as described in the previous section, 
and the resulting 24 bpp image is displayed on the display. 

C7.2 Image has a colour table (8 bpp) and client display is not palletised 

The colour table accompanying the image is run through a colour management transform, and 
the resulting colour table is used with the image for display. The displayed image i$ very close 
to original image. 

C7.3 Image does not have a colour table (>8 bpp) and client display is palletised. 

The software displaying the image (e.g. display application) should use the default palette that 
is defined in sRGB space, convert it into device colour space by running it through a colour 
management transform, and use this palette to display the image. The resulting image gets 
dithered into the closest possible colours on the display. The assumption is that the display 
profile is created with the default palette selected. 

C7.4 Image has a colour table (8 bpp) and was created using the default palette and 
client display Is palletised 

The software displaying the image should follow the same steps as above. The resulting image 
is very close to the original image and unintentional dithering is eliminated. If the original image 
only had colours in the default palette, the final image doesn't have any dithering. 

C7.5 Image has a colour table (8 bpp) and was created using an arbitrary palette and 
client display is palletised 

If the client display only has a palletised profile and can only display the image by discarding 
this profiled palette and replacing it with an uncalibrated palette, it is not recommended to 
colour manage this scenario. If the client display is able to treat the image as if it was a 
truecolour (unpalettised) image, it should proceed as for case 3 above. 

Note that cases 3 and 4 assume an industry standard default palette defined in sRGB colour 
space that will be used by authoring and display software to handle 8bpp images. 
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Annex D 
(informative) 
Typical Viewing Conditions 

While office desktop would theoretically use the viewing conditions which represent the actual 
or typical office viewing environment, if this is done with 24 bit images a significant loss in the 
quality of shadow detail results. This is due to the typical viewing veiling glare of approximately 
5 percent into a 24 bit image as opposed to the reference viewing veiling glare of 1 percent. 
This is somewhat compensated for by the apparent visual darkening effect of the lighter 
surround. It is therefore recommended to use the reference viewing environment for most 
situations including when one's viewing environment is consistent with the typical viewing 
environment and not the reference viewing environment. 

1. Typical Ambient Illuminance Level 200 Ix 

2. Typical Ambient White Point x= 0,3457, y = 0,3585 (D50) 

3. Typical Viewing Veiling glare 5,0 % 

The typical ambient illuminance level \$ intended to be representative of a typical office viewing 
environment. Note that the illuminance is at least an order of magnitude lower than average 
outdoor levels. 

The chromaticities of the typical ambient white are those of CIE D 50 . 

Typical Viewing veiling glare is specified to be 5 % of the maximum white-luminance level. 
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Annex E 
(informative) 
Recommended Treatment for Viewing Conditions 

Colour appearance on a CRT display is significantly affected by the ambient lighting, since the 
human visual system changes its sensitivity according to the viewing conditions. At its meeting 
held in Kyoto in May 1997, CIE Technical Committee TC 1-34 agreed to adopt as the simple 
version the colour appearance model CIECAM97S. While the inclusion of the year 97 in the 
designation is intended to indicate the interim nature of the model, this same caveat is 
providing for the CIELAB and CIELUV colour spaces which are ubiquitous in colour 
reproduction work today and should not be discourage the use of this model. Still it is due to 
the newness of this recommendation that this model is a recommendation and not a 
requirement for compliance with this standard. In order to use this standard in viewing 
conditions that are not compliant with the reference conditions, it is therefore strongly 
recommended that the CIECAM97s colour appearance model be used to transform into and out 
of the reference viewing conditions. 

Unfortunately, the CIECAM97s colour appearance model does not account for two important 
aspects of viewing conditions; veiling glare and black mapping. 

The recommended veiling glare compensation is shown below. Equation 12 should be applied 
after equation 5 to provide input into the CIECAM97s model. 

X C RT = ^xRGB + VG X X^^t 

Y c *T=Y,RCB+VGxY ambient (12) 

^CRT ~ ^xRGB + X ^ambient 

Equation 13 should be applied before equation 6 and after the CIECAM97S model. 

X srgb ~X CRT — VG x X^^t 

YSRCB^CKT-VGXY^ (13) 
^sRGB = ^CRT ~~ ^ ^ ambient 

Finally, it is strongly recommended to rescale the lightness dimension of the CIECAM97S 
model from 0 to 100 when using this standard. This allows the black colours as measured off 
the display faceplate to appropriately represent a visual black. Several experts have 
recommended this rescaling (Johnson 1996, Fairchild 1997) and it is common practice is the 
colour reproduction industry. 

Note that is problematic to implement only veiling glare and not a viewing condition model and 
rescaling since this is NOT compliant with either CIE colour measurement or colour 
appearance recommendations. Instead it represents an intermediate physical measurement 
that does not represent colour appearance, but are dependent upon viewing conditions that 
colour appearance models describe. 
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Contents: 

Introduction to Color Management 

Color Management at the Operating System Level 

Image Color Management Features 

For More Information 

Glossary 

Introduction to Color Management 

Color Is Pervasive Across Media, Yet Difficult to Reproduce Consistently 

Over the years, magazines, newspapers, television, computers and, now, the 
Internet have all made the transition from black and white to color. 

Now that all of these media use color, they all provide professional designers with 
the challenge of finding a way to get consistent color from page to screen to 
printer and beyond. Consistent color across various displays and types of output is 
critical to success. For example, in the publishing industry, consistent color 
throughout the commercial publishing process will save both time and money. 
Designers want to ensure that their clients' printed material will produce the same 
results when the job is passed to the service bureau, trade shop, and printer and 
that it will also look great when its made available on the Internet. 

The same is true for business professionals developing color presentations, or 
consumers wanting to buy products from an Internet site. All of these users expect 
"true" or what-you-see-is-what-you-get (WYSIWYG) computer color across all 
input and output peripherals and across various publishing and productivity 
applications. The computer industry has increased expectations for WYSIWYG 
graphics by achieving consistency in black-and-white publishing. 

With color, however, WYSIWYG results across scanners, monitors, applications, 
and printers are often difficult, or impossible, to achieve for two reasons: 

• Different illuminants and colorants. There is no color without light. White 
light contains the three components of color, namely red, green, and blue 
(RGB), and the perception of color is based on which of these wavelengths 
reach our eyes. 
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Monitors and scanners are based on the "additive" color system using RGB, 
starting with black and then adding red, green, and blue to achieve color. 
Full saturation of RGB gives the perception of white, and images are created 
that radiate varying amounts of RGB. 

Printers are based on the "subtractive" color system, usually using the colors 
cyan, magenta, yellow, and black (CMYK). Printed material creates images 
by reflecting light off of substances such as ink, dye, wax, and toner. Printers 
begin with white (the presence of white light) and subtract RGB to achieve 
colors and black. Cyan, for instance, subtracts red and allows the reflection 
of green and blue. 

Both RGB and CMYK are known as device-dependent color systems or "color 
spaces." 

Monitors can look different from one another for a variety of reasons, such as 
variances in the phosphors used to radiate the light and different bit depths. 
Printers can also give different results depending on a number of factors, 
such as the media used and the inks. 

• Different gamuts. Each device, whether a scanner, monitor, or printer, has 
a particular range of colors that it is capable of producing, known as the 
device gamut. The gamut of a device is determined by the physical 
characteristics of the device itself, as well as the ambient lighting (for 
instance, the colors may appear rich in a dimly lit room and washed out in 
bright viewing conditions). 

A low-cost color monitor can, in many cases, reproduce nearly twice the 
number of colors as a multimillion dollar printing press, because the gamut 
of the monitor is superior to that of the press. 

The gamuts of devices of the same types may vary. For instance, the gamuts 
of scanners depend on the technology used (flatbed, drum, charge-coupled 
device) as well as the media scanned (reflective vs. transparent). With 
monitors, the gamut depends on the composition of the phosphors. With 
printers, the gamut varies depending on the inks and media used. 

Because color science is so complex, it is impossible to completely eliminate these 
differences. However, there is a way to improve the situation - a color 
management system. A color management system (CMS) performs three main 
functions: 

• Maps colors between devices that have different gamuts (e.g., scanners and 
monitors) 

• Transforms colors from one color space to another (e.g., RGB to CMYK) 

• Provides accurate on-screen or print previews that allow for corrective action 

Sback to contents 



Why Color Management is Required 

Color Management at the Operating System-Level Brings Advantages Over 
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Application-Specific Color 

In the publishing process, images and graphics are captured by scanners and 
digital cameras as well as from CDs, and they are brought together in editing and 
composition packages. From here, design professionals use a variety of proofing 
systems to simulate the final printed output and, ultimately, generate film for 
plate generation for final delivery to commercial printing presses. Designers also 
take these graphics to the Internet. Business and home users are likely to deliver 
their final graphics to a color printer, to the Internet, or to an intranet in corporate 
environments. 

The publishing process is summarized in the following figure: 





Printing Press 



Input/Capture Editing/Composition 



• Scanners 

• Digital cameras 

• CD ROM 



Graphics and illustration 
Text 

Paint and image composition 
Page layout and Internet 
authoring: 



Proofing Distribution 

• Digital proofing • Conrarcial printing 

• Film proofing • Internet 

• Television 



Figure 1. The publishing process 

Being able to consistently reproduce color across scanners, monitors, printers, and 
applications sounds like a simple goal, but without a color management system in 
the operating system, it's difficult to achieve. 

Without a standard CMS, each application writes to a different proprietary color 
management system with little or no interaction with the operating system. Each 
application generates its own color profiles, limiting the ability for consistent color 
interchange throughout the publishing process, which includes scanning, editing 
and composition, proofing, and distribution. The applications may produce 
different results. 
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Figure 2. Application-specific color management 

In addition, each application must supply profiles for all kinds of devices, as well 
as profile generation tools for all types of devices, a disadvantage to both the 
application developer and to the user. 

As a result of each application generating its own profiles for every conceivable 
device, and in the absence of consistent interchange between devices, acceptable 
color on the output is achieved largely through trial and error. 



SBack to contents 



Image Color Management Features 

Enhanced Color Support for Publishing and Productivity Applications 
ICM 1.0 

Microsoft Corporation's current implementation of color management support was 
released in the Microsoft® Windows® 95 operating system as Image Color 
Matching (ICM) 1.0, an API to which third-party applications can write. This 
version of ICM was designed to address the needs of applications that work with 
RGB, to work seamlessly for the end user, and to enable simple support from 
application developers. 

ICM 1.0 supports profiles that conform to the International Color Consortium (ICC) 
profile specification. The ICC profile specification is a cross-platform industry 
standard that accurately and consistently characterizes devices including scanners, 
monitors, and printers. The ICC started in 1993 as an organization to promote 
color standards with desktop applications. 

ICM profiles must be installed for all of the color devices on the user's system, and 
applications that need to portray colors accurately must support the ICM 1.0 API. 

The ICM 1.0 technology supports alternate color management modules (CMMs) 
that transform color information between different color spaces, such as the RGB 
colors captured by the scanner to the slightly different RGB values displayed on a 
monitor or sent to printers. 

ICM 2.0 

After listening to customers and application vendors, Microsoft enhanced the 
capability of ICM to provide increased functionality and performance and decided 
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to bring it to the Windows NT® 5.0 and Windows 98 operating systems, extending 
the reach beyond Windows 95. Microsoft also wanted support for more color 
spaces (beyond RGB to CMYK, to device-independent color spaces such as CIELAB, 
a theoretical color space defined by the Commission Internationale de L'Eclairagfe, 
or CIE), as well as support for additional colors for processes such as HiFi Color. 

Higher-Quality Color Management Module 

ICM 2.0 supports the LinoColor color management module (CMM) as the default 
CMM. The CMM transforms color information across various devices. Linotype-Hell 
AG is one of the leading vendors of color technology in the publishing and prepress 
world. This technology is now expected to become available to all applications that 
support the ICM 2.0 API. 

Applications will now have the ability to support all color spaces — RGB and CMYK, 
as well as device-independent color spaces such as those defined by the CIE, such 
as CIELAB. 

ICM 2.0 will support up to eight input and output color channels for enhanced 
printing processes such as HiFi Color. 

Support for Industry Standards Ensures Cross-Platform Compatibility 

By licensing the industry-standard LinoColorCMM and continuing support for 
International Color Consortium (ICC) profiles, Microsoft is helping to ensure that 
applications that support ICM 2.0 will be compatible with other platforms, a fact 
that is important because multiple platforms may be used throughout the color 
publishing process. 

Like ICM 1.0, ICM 2.0 supports the ICC profiles, allowing the same device profiles 
to be used across platforms and ensuring better color management throughout the 
publishing process. Microsoft plans to recommend that all hardware vendors ship 
these profiles with-their Windows-compatible peripherals, ensuring a high level of 
compatibility and availability. 

Ease of Use for Productivity Application End Users, Publishing 

Professionals, 

and Developers 

For productivity and entry-level publishing applications, ICM 2.0 can be configured 
to be completely transparent to the end user. 

For professional publishing applications, full manual control is available, in each 
case ensuring color consistency across devices and platforms. In addition, for 
professional publishers, ICM provides an easy-to-use selection method for 
choosing alternative profiles. 

For application developers, the ICM API is simple to implement. 
Modular, Extensible Architecture 

Applications will have the ability to support two levels of API - one that deals only 
in RGB, and one that works in multiple color spaces. As developers take advantage 
of these enhanced capabilities, use;rs will be able to manage device profiles and 
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select an alternate CMM for their color transformations. 

The architecture is summarized in the following figure: 




fear Scanners, Monitor; 
aid Prides, sRGB 



Figure 3. ICM 2.0 technology overview 

Support for a Complementary Standard Color Space: sRGB 

ICM provides a standard way to manage color between any input device (e.g., 
scanner) and output device (e.g., monitor), including the ability to embed ICC 
profiles directly into the image or to pass the ICC profile directly to the application. 
The application, along with ICM and the rendering intent, generates a profile that 
ensures accurate color representation between the input and output device. 

Embedding the ICC profile into each image is an excellent way to ensure that the 
color profile information is being passed along throughout the publishing process. 
However, the additional overhead it adds to the image may be unacceptable for 
transmission over the Internet. Also, several image formats currently do not 
support embedded ICC profiles, which makes it very difficult to represent the color 
image accurately. 

Hewlett-Packard Co. and Microsoft have created a new color space, sRGB, that is 
meant to complement current color management strategies by enabling another 
method of handling color in the operating system and the Internet. It will provide 
good quality and backward compatibility, with minimum transmission and system 
overhead. Based on a calibrated colorimetric RGB color space, which is well-suited 
to monitors, television, scanners, digital cameras and printing systems, such a 
space can be supported with minimum cost to software and hardware vendors. 

In addition, both companies have worked with the World Wide Web Consortium 
(W3C) to ensure that sRGB is available to all vendors. sRGB is now the standard 
color space for HTML 3.2 and Cascading Style Sheets (CSS) 1.0, and it is freely 
available to any software or hardware vendor. 
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Microsoft also plans to ..lake sRGB the default color space in lucure versions of its 
Windows 95 and Windows NT operating systems for all color images that do not 
have an embedded ICC profile, or for images that are hot specifically tagged with 
other color information. This will help ensure that colors are represented in a way 
that looks best on the widest range of devices. 



A summary of when sRGB is expected to be used is outlined in Figure 4. The 
"source" referred to in the figure could be a scanner, and the "destination" could 
be a monitor. 





Image has source color 
profile 


Image has no source 
color profile 


Destination 
has color 
profile 


Use both profiles in the color 
mapping 


Use sRGB as the source 
profile and use the 
destination profile in the 
color mapping 


Destination 
has no color 
profile 


Use the source profile and 
use sRGB as the destination 
profile in the color mapping 


Do nothing (assume sRGB is 
the profile for source and 
destination) 



Figure 4. Understanding when sRGB is the default color space in the color mapping 

process 
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For More Information 

• Microsoft ICM 2.0 SDK Web site: 

• http ://www. microsoft. com/msdn/sdk/icm20. htm 

• International Color Consortium (ICC) Web site: 

• http://www.color.org/ 

• World Wide Web Consortium (W3C) HTML 3.2 Web site: 

• http:/ '/www. w3. org/pub/WWW/TR/REC-html32.html 

• W3CCSS1.0 Website: 

• http://www. w3. org/pub/WWW/TR/REC-CSSl 

• W3C sRGB Web site: 

• http:/ '/www. w3. org/ 'Graphics/ 'Color/ 'sRGB.html 

®Back to contents 
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Co/or spaces. A theoretical three-dimensional color system, whereby the axes of 
color, hue, saturation, and brightness can be represented. 

Colorant A dye or pigment that causes a color to appear. 

Color management module (CMM). A component in a color management 
system (CMS) that transforms color data from one color space to another. 

Cascading Style Sheets (CSS). CSS1 is a simple style sheet mechanism that 
allows authors and readers to attach style (e.g., fonts, colors, and spacing) to 
HTML documents. The CSS1 language is human-readable and writable, and 
expresses style in common desktop publishing terminology. 

CIE. Commission Internationale de UEclairage, an organization for setting 
standards for color measurement 

CIELAB. A theoretical color space defined by the CIE. 

Colorimetric. A color space whereby one can measure the color values. 
Colorimeters are devices used to measure the color values on a monitor or on 
printed material. 

CMYK. Cyan, magenta, yellow, and black are the four-color process inks used in 
color printing. Cyan absorbs the red hues, magenta absorbs the green hues, yellow 
absorbs the blue hues. Black is an ink whose colorant has no apparent hue. 

HiFi Colon HiFi Color is a variety of print processes that achieve superior visual 
appearance of color and imagery not possible with conventional four-color process 
printing. HiFi Color offers an expanded color gamut compared with traditional 
printing processes. 

HTML 3.2. Hypertext markup language is the open-standards language for 
describing the hyperlinking on the Internet. The standards body that evolves the 
language is known as the World Wide Web Consortium (W3C). Version 3.2 is the 
current version of the language in the industry. 

International Color Consortium (ICC). The International Color Consortium was 
established in 1993 by eight industry vendors for the purpose of creating, 
promoting and encouraging the standardization and evolution of an open, vendor- 
neutral, cross-platform color management system architecture and components. 

RGB. Red, green, and blue is the color system used in scanners, digital cameras, 
and printers. 

World Wide Web Consortium (W3C). The standards body responsible for 
advancing the Internet standards. 

to contents 
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Colorspace Interchange Using sRGB 

By 

Gary Starkweather 

Color management technology for personal computers is now becoming available on a 
broad basis. Much has been written about how to get the best color, what transforms to 
use etc. Among the most recent additions to editorial content has been issues regarding 
the use of sRGB as a standard interchange colorspace. Several articles have been rather 
shrill in denouncing or detracting from sRGB's inherent value. This is unfortunate and 
this article is intended to explain both the benefits and concerns of using any colorspace 
for color data interchange in addition to using sRGB as that space. It is hoped that the 
material contained here will help the reader understand why sRGB has value as well as 
what its limitations are. No "standard/' whatever it is comes without some limitations. 
The appropriate solution is that which offers the most benefit and the least trouble. It is 
felt that sRGB offers an acceptable solution at this time. The purpose of this brief paper is 
not a deep technical discussion which is available in detail along with other references at 
www.srgb.com but an explanation of the choices available and why the sRGB choice was 
made. 

Color interchange spaces have the benefit that all color devices can conveniently 
exchange color data in a common format. This foregoes the need to constantly translate 
between color spaces due to difference data representations in the various devices. The 
CIE system (Commission Internationale de l'Eclairage or International Commission on 
Illumination) provides a solid scientific foundation for color data based on careful 
experimental measurements of human observers. However, there are a number of ways to 
utilize the CIE data. The CIELAB and CIELUV systems are but two systems intended to 
provide color data that at least approximates perceptual uniformity. However, two color 
patches having highly similar LAB values do not necessarily appear the same depending 
on visual conditions. The color of the illuminant (white point), the absolute level of the 
scene irradiance (visually the illuminance), the surrounding colors etc. all serve to defeat 
the "perfect match" unless the initial and test conditions are identical. Photographs are 
often quite acceptable to most users but rarely does one travel back out to the original 
scene of the photograph and check to see that the leaf e.g., and the photograph of the leaf 
are identical. The appearance of the leaf in the photo is what is critical in most cases. This 
will not necessarily be true for demanding commercial applications such as buying 
clothing, for example. One can usually benefit from the old axiom in graphic arts 
originally coined by Professor Miles Southworth of RIT. The axiom states ^that "clean 
and bright is always right" and "dull and gray is not the way." 

So why not just pick CIELAB, for example, to become the interchange space. First of all, 
this in and of itself would not suffice. One would need to specify a white point and 
illuminance level of the scene in order to have any reasonable chance of achieving a 
proper representation. The other problem with CIELAB is that getting data into and from 
it requires the use of cube roots or raising values to the third power. It would be nice to be 



able to store color data in a form that when one wanted to view it, it was indeed ready for 
viewing under most reasonable conditions. Storing data in CIELAB would require 
converting every pixel through a set of power function routines. This might not only be 
time consuming but could be fraught with possible errors depending on who was doing 
the conversion. Another approach that might satisfy those concerned with gamut issues 
(CIE carries the full gamut extent of the visual system), would be to let the data conform 
to a theoretical display such as a laser display. Laser's have virtually monochromatic 
output and therefore the primaries of a laser display would reside on the spectrum locus 
of the CIE diagram as shown in figure 1 . 

CIE Diagram - 1931 2 Degree Standard Observer 

x-CIE 




Figure 1 - Laser Display Color Gamut 

Using the 633 ran. output of Helium-Neon, the 514 nm. output of Argon and the 442 im 
output of Helium-Cadmium would make for an impressive color gamut. Other laser lines 
such as those of Krypton etc. could also be considered but would not alter the conclusions 
of the argument. 



First, in utilizing a laser display the data can be carried across devices without gamut 
loss. That is the data would stay around as positive numbers. No commercial displays, 
scanners or printers exceed or come close to exceeding the laser display gamut. The 
problem comes from the fact that no device normal users will get their hands on has this 
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gamut. Thus data in the laser display colorspace will have to be converted for display and 
print. This requires additional calculation again, however, not as complex as with 
CIELAB. Gamut mapping would be required however for destination devices. Thus, we 
have the calculation and representation issues of CIELAB and the large gamut but non- 
device representative nature of the laser display. What other choices are available? 
Today, most of the devices on which images are viewed are displays. The predominant 
display technology today (-80%) are the cathode ray tube or CRT display. Color flat 
panels whether passive or active matrix type also try to come close to the color CRT 
model. High definition television or HDTV will use a set of phosphors known as ITU-R 
709.BT. The color gamut of these phosphors is shown on a 1931 CIE diagram in figure 2. 



CIE Diagram - 1031 2 Degree Standard Observer 

x-CIE 




Figure 2 - sRGB Color Gamut 

From the spectral and colorimetric characteristics of these phosphors, a standard known 
as sRGB was proposed and adopted by a number of companies such as Hewlett-Packard 
and Microsoft. The reader can visit the web site at www.srgb.com for additional 
information. 

First, sRGB is not believed to be a perfect interchange space but it does possess a number 
of salient features that should be appreciated. First, as can be seen in figure 3, it does not 
differ much from the old Apple 13" RGB monitor gamut. 
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Figure 3 - Color Gamut Comparisons 

Thus, those people imagining that this gamut is strikingly different from their CRT do not 
need to worry. Furthermore, the sRGB standard has built into it the illuminance levels 
and other visual environment features that are the most common among the consumer 
and general user community. Perhaps the most controversial parts of sRGB have to do 
with gamut limitations and the gamma value built into the standard. Let's take the gamma 
value first. The sRGB gamma value of 2.2 provides pictures that look darker on a 
monitor set to a lower gamma value, say 1.8 or even 1.4. This is an easy change of course 
but the gamma of 2.2 was chosen for good viewing conditions and an attempt at 
perceptual uniformity. Equal perceptual steps in a grayscale image would tend to follow a 
gamma of 2.2 although not perfectly. To utilize the 2.2 gamma of sRGB some users will 
have to modify how they have worked in the past and this always presents some 
difficulties. The gamut issues are also of concern to many. They claim that the sRGB 
gamut is too limited and hence "clips" their output device's ability to reach its full 
potential. This is only true if one permits this to be the case. For example, in figure. 3, a 
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gamut of the venerable Canon CLC500 color copier/printer is shown along with sRGB 
and the old RGB realized on the first PC color monitors. Note that while some of the 
cyan colors are limited by sRGB, the brightest greens and reds are output device limited 
not sRGB limited. 

In reality, there are devices such as film scanners with their high quality images that 
exceed the sRGB gamut. This is not a reason to toss out the sRGB standard. When colors 
go out of gamut mathematically, they can either exceed an accepted maximum usable 
value like 255 or fall below an accepted minimum value such as zero. Going out of 
gamut does not cause the data to disappear from the universe unless the data is purposely 
"clipped" to an artificial lower and upper bound. If one keeps the data that goes out of 
gamut then when devices that exceed the sRGB must be dealt with, the data is available 
for use in the necessary calculations. Therefore, a major concern about any gamut that 
can be exceeded is avoided. One of the important benefits of sRGB is often overlooked or 
not mentioned by its detractors. That benefit is that most people using personal computers 
spend a great deal of time either viewing, editing or otherwise dealing with color data on 
their screens. Since the sRGB colorspace is or can be quite representative of a majority of 
displays, data in sRGB can be directly viewed on their monitors without modification. 
This is an important advantage in that purveyors of color data can place their content in 
sRGB and know that in most instances when it is viewed on computer monitors it is in a 
"ready-to-go" state. No cube roots, table look-ups or other processing is required. Until 
color data processing is so pervasive and fast as to be both spatially and temporally 
transparent to the user this is and will be a substantial benefit. If the phone system were 
like much of today's proposed color spaces, we would print and display phone numbers 
in a form that would require multiplication and division combined with addition and 
subtraction to get the number we needed to dial. Why not just give the user the 767-2345 
number instead of a code they must be prepared to process? SRGB is aimed at providing 
an acceptable not all encompassing solution to users and information suppliers alike. 

In summary, sRGB is not a perfect color space. However, it is representative of the 
majority of devices on which color is and will be viewed. Furthermore, sRGB is a profile 
that is compliant with ICC profiles and current color management systems. Carrying 
around out of gamut data would permit one to utilize the full color capability of their 
devices, albeit at some risk. The risk is that my red may be brighter than your red since 
we have different printers. Utilizing in-gamut sRGB data means that we can ensure a 
substantial degree of consistency as well as have our output expectations reasonably well 
set at the point of creation (the display). More sophisticated color management tools not 
usually in the interest domain of ordinary users would permit utilizing data outside the 
sRGB gamut for those brightest of colors for which the user may have paid a lot to 
realize. Thus, properly used, sRGB provides a consistency, speed and quality level that 
should satisfy the majority of consumers who want quality images with minimum hassle. 
For those for whom color is a highly polished skill from which they either earn a living or 
enjoy in its own right, sRGB does not foreclose their ability to add value to the imaging 
chain. Using sRGB is aimed at achieving the equivalent experience of dropping off 
photos for printing. You are not asked what temperature you desire for the first developer 
or how many stops you wish to "push" the development process. Aristotle did not likely 
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comprehend the era of digital color but his statement that "simplicity is the truest 
elegance" could apply to color imaging as well. I think he would appreciate sRGB. 
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The growth of raster, graphics has made, color and gr^ scale ian integral --partipf iMWfi*- 
contemporary computer graphics. Color is in immensely one thatdra^."';- iM^:% : 

on concepts and results from physics, physiology, ps^hblogy,^ 

Many researchers' careers have been fruitfully devoted to developing theories, measurement S^^^ - 
techniques, and standards for color. In this chapter, we introduce some of the areas 'of rolpr|^^^^; 
that are most relevant to computer graphics. - ^ v--;H)'^^^ 

> & The colbr of an object depends not only on the object itself , but also on the light^ource^^^l 
illuminating it, on the color of the surrounding area, and on the human visual i^teffi^^Jpl 
Furthermore, some objects reflect light also traiismt^^^^; 

light (cellophane, glass). When a surface that reflects only pure blue light is illumiriat^^^§P|l| 
with pure red light, it appears black. Similarly, a pure green light viewed through glass that 
* transmits only pure red will ;also appear black.\^We postpone some of these issu^j^S|;|^|^ 
■ starting our discussion with' achromatic sensations -^f that is , those d^cribed as black, g^,^|||^Kj 
■and whfre;#$;^ ' " " """" " ^ " " • 



1 3 A ACHROMATIC LIGHT 



... , . . . 

Achromatic light is what we see on a black-and-white television 'Set or display monitor. "An W^^ifi 
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related but are not the^same. It Is useful to associate a scalar with different intensity leyel||« 
defining 0 as black andjl l^^ite; intensity levels between 0 and 1 repraent differem 

A black-and-whitejeleyision can produce many different intensities at a single pix^^a 
position. Line printers, pen plotters, and electrostatic plotters produce only two levels: the^ 
white (or light gray) of the ^ dark gray) of the ink or toner deposit^j^p 

on the paper. Certain twhmqiies; discussSd inlater sections, allow "such inheinwitly 'Sife^^^ 
devices to produce additional intensity levels, "*."■;■ J ''^Y-^^4^^. 

1 3.1 .1 Selecting Intensities— Gamma Correction ■,•;-> 

■ j*-.^ ^ '■■ : *' , 4'»- v • ■ •;• -." V : V '^'^^p:;^. 
Suppose Qs^^t to ^ Which 256 intensity levels 'should^ 

use? We surely do not want 128 in the range of 0 to 0. 1 and 128 more in the range of 0.9,to 

1.0, since the transition from 0.1 to 0.9 w 

initially distribute the levels evenly over the range 6 to 1, but this fc^oiaj^cfi^^^g 
important characteristic of the eye: that it is sensitive to ratios of intensity ievdsratherllSn ^ 
to absolute values of intensity. That is, we perceive the intensities 0. 10 and 0. 1 iS^diffOTng^^ 
just as much as the intensities 0.50 and 0.55. (Thi^ 

through the settings on a three-way 50-100-150-watt lightbulb; you will see that the^?^ 
from 50to 1 00 seems much greater than the step from 100 to 150.) On a brightness (Aa^ 
perceived intensity) scale, the differences between intensities of 0.10 and 0.1 1 and bety^^^ 
intensities of 0.50 and 0.55 are equal. Therefore, the intensity levels should ^ spac^^fc 
logarithmically rather than linearly, to achieve equal steps in brightness, ^-^y:^?^^ 

L x .To fincl2%m^sft^ low^t attainable intensity Io and going 'toja^ 

maximum mtensity r times higher than the preceding intensity^^ 

. we use.tite'fbilcw^ -.-uii- ■ 'yrf|p 

■ To = VA = 

Therefore, ■ . • ■•■ •■' ^/^^.^/M^-'' ?-A. f W^0^^ 

; r = (1/^ ^(13^p 
and in general for 1 Jntensi^s,^^, ^-^^v^- 



for O <y <jM 



,(13.3);g 

With just four intensities (n p, 3) and an /„ of £(an unrealisticaily ; large value <*osen^for0| 
illustration only) , Eq .(13. 3) tells us that r = 2, yielding intensity ^y^^ofj^^^i^ 
The minimum attainable intensity 7 0 for a CRT is anywhere jfrpm abwtS^^Jjf SIS 
maximum intensity of 1.0. Therefore, typical values of 7 0 are between 6.005 and 0.025^The ^ 
minimum is not 0, because of light reflection fitom ^.phpsphor within me CRT. The ratio • 
between the maximum and minimum intensities is called the dynamic ^^;Th?^^ct^ 
value for a specific CRT can be found by displaying a square of white on a field of blackand .$ 
measuring the two intensities with i*a photometer ;pThis measurement is taken in a compj|i^y;|, 
- darkened room, so that reflected ambient light does jiot iaffect the .[mj^iti^-^i^la^^^ 
0.02, corresponding to a dynamic range of 50, Eqii(l,3v2) yields r^Jl;6l545Wi^ ;r^ " " 
the first few 1 • « >- ^ ^ .^:i^-^-».->wtf^-!£S?n* 
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'Displaying the intemities^ tricky process, and 

1; recording them on film is even more difficult 1 , ; b^use^Ae nonlineWities in the CRT and S 

: . filrn. For instance, the intensity of light output by a phosphor is related to the number of . • 
electrons JV in the beam by ■ ' '"""^ y ■ '"!#}.'■ ' -W^K'-'-: 



for constants k and y. The value of y is in the range 2.2 to 2.5 for most CRTs. The number ! • 
...of electrons W is proportional to the cqnfroj-grid „yol(^e^ which is in turn proportional ."to f£&' 
the value V specified for the pixel, therefore, for.som^other constant 

Now, given a desired intensity /, we firet determine the neares^ by searching t^^h a : • I' 
table of the amiable intensities as calculated from Eqf (13 .1) "or 'lra : ite^urvaio^#^^ ; 



After 7 is found, we calculate 



7 = ROUND(log£l/I 0 ))J 



.■•iv?: s r:c-.*. 



1(13.6) 



1(13.7) 



: i ne iicai aicp 15 iu ucicrmme me pixel vaiue Vj needed to create the intensit 

(13.5):^^-''^:^^^ ^^ y trC^M ^r^;^^^ • 



The next step is to determine the pixel value V} heeded to create the intensity I p by usnig^Eqlilfe 

c^. ........ i • ' -•• • ^#isSSf 

|(i|.8yg;-/ 

If the rastCT display has i no look-up table, m'e^^ pixels, tf&fc? 

is a look-up table. then ; is placed in the pixel and Vj is placed in entry j of the table.^lf^' 
The values of AT, y, and I 0 depend on the CRT in use, so in practice the look-up^ble K " 
loaded by ;a; method based on iSea^r^ 
C-HALI^9]. Use of the l(K)k-up teble in this general JnMnw is cal^lgbwwna cbrrecitil so 1 K 
S^l?n^/w.^-exponent in Eq. ; t 13^pJ If ^ ^^sl^SKaBiweglmini correction, men / f 
: |,i : ;;:';?ramerrtan V, is placed in eimeFm^fresh^fl^^ - . . ^y^SU- ; 

y\ errors (from approximating a true intensity value w value) will bef 

| more conspicuous nea^ black than near wWfe p^ bits and hem;e 16 ^ 

•^v intensities, a quantization roundoff eirorofM 

^percent of intensity value and onlyj percent of intensity liuelllb^ the ratiorbased' 
-intensities and gamma correction^the maximum ^;9uahUzaHori error as a percentage of 
•• .;.^:bi^tne«; ; .(perceived intensitf)' Iswn^^ ' ^r-.^ : ^: ;:; - ; ' 

; A natural question is, "How many intensities are enpii|h?'|;By ^enough,'' we'meari r 
th 9 ^ umb ^ needed to reproduce^TOn^ such mat me > 

reproduction appears to be continuous?^ 
. J; , r; .Pr less (below this ratio, the ^^cannot ;dfetinguis^..bjet^n'-intemities ^ arid^i)? ^ 
t *tW§?8 2 ' P- 569]. Thus, the appropriate vaiue for the number of intensity ievlls1?isW " 
^Ifound by,equating r to 1.01 in Eq; (13.3): : '. >'w ■.^^$^L f: ' 
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TABLE 13.1 DYNAMIC RANGE (1// 0 ) AND NUMBER OF REQUIRED INTENSITIES •-•--•^ 
n ~ log 1j0l (1//o) FOR SEVERAL DISPLAY MEDIA.^ ^[ ■ : , 



Display media Typical dynamic range : Number of intensity ft ^j|gi 

CRT " ~~~ ~ 50-200 ^f;v ■- '400-530 ife^^ 

Photographic prints 100 465 ^^l|tt 

Photographic slides " ^ ^ 1000 700 V 

Coated paper printed in BAV* 100 465 

Coated paper printed in color • 50 ^ ■ - 400 

Newsprint printed in BAV / : 10 :t : , 23 4 

*B/W black and white' ■■ v.^- : • .1:;^ ^ -^v>*^ : V- 



■ Solving for n gives \ : >:M 



mm 

$6 



where l// 0 is the dynamic: range of the^evice. ^WM^* 
The dynamic range l// 0 for several display media, and the corresponding which is tlS^B 
number of intensity levels needed to maintain r =1 .01 arid at the same time to use the fijj^ft 
dynamic range, are shown in Table 13.1. These are theoretical values, assuming perfect^ 
reproduction processes. In practice, slight blurring due to ink bleeding knd small amoiirtoS^ 
of random noise in the reproduction decreases n considerably for print media. Fbr instaiKl^^ 
Fig. 13.1 shows a continuous-tone photograph; and the succeeding five Figs. 13.2 to 13'M8|[ 
reproduce the same photograph at 4, 8, 16, 32, and 64 intensity levels. With four and eight i^ft 
levels, the transitions; or contours between one intensity level and the next -are 'quite "^^B 
conspicuous, because the ratio r between successive intensities is considerably greater tharl^S 
the ideal 1.01 V Contouring is barely detectable with 32 levels, and for these particular ^ 




j. 1 3.3 - A cbntinubus-torie phbtb^f^ 
£-rv" graph reproduced wjtlveighrfa 

levels. JCourtesy of Alan Paeth^JJni- ^ ^ levels. "(Cburtesy^^ 

worcitw nf Wafprlnn Pnmniitpf <nranh-: ; " \/Pirsit\/ nf Waterlnn nnmniitpr '' (RfflnH-®@^&lfel 




images disappears with 64, This suggests that 64 intensity levels is the absolute minimum 
needed for contour-free printing of continuous-tone -black-and-white images on paper such 
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Fig. 1 3-7 ^Enlarged Halftone pattern .^Dot^ize's VafV'invefsely with intensity of onginl^W 

nhotoarahh /Hnnrtocw nf Alan P^oth I lrm/*ro;**/ a* \A/^*x^iwA : ^^^^.ij:- r-.^L ; r^ > ,^.^s^g 




. < rf^ ffif^y^O? 1 ^ jfeyds. at the ^stjrf halving the spatial rtsolution along each axis. Thl^p 
^sis^V •;». patterns shown in Fig j 13.8 can be used to fill the 2 X 2 areas witivtfe n^ber of ^'onlfffll 
pixels that is proportional to the desired intensity. Figure 13.9 shows a face digki^ Wa^B 
351 x 351 image array and displayed with 2 X 2 patterns.' ; -£rl; ; - W . -f^^^^fW 
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7 Fig. 13.8 Five intensity levels approxima^ four 2 




To display an intensity /, we turn on all pixels ^whose values 'are jess' ^iah Lv.y. A :- r : f^i^^^>^ . 
; ; ^ . w v ;,hThe n X n pixel patterns used to approximate - the halfton^'miist be designed not tq^^^ 
- : ■ introduce visual artifacts in'an area of identical intensity values . For instance ; if the pattera^^^f 
; in Bg- J3 1 1 were'used, rather than the one in Fig ^ 13 . 10/ horizontal liira^idd appear in^|f|^ 
any large area of the image of intensity 3 . Serohd^thepai^^ 
:v;v. so that any pixel intensified for intensity level y is also intensified for all levels k ^7 v This|^^^' 
minimizes the differences in the patterns for Successive intensity lewls/therety minimizirig^^^y 
the contouring effects. Third, the patterns must grow outward from the center, to create th^p||g 3 
effect of increasing dot size. Fourth, for hardcopy devices such ^ and film 



recorders that are poor at reproducing isolated "on*' pixels;- all pixels that are "on" for afegv^ 

^-A.^k^ ■ .... , 
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. F«g. 13.10 Ten mtens^ lev^ 

particular intensity must be adjacent to other -on" pixds; apmtrns^^B^^ 
. . = --^.Jm ^ : n9«aday ; [HOLL80].has developed a widely used imeth^ 



ordered dither." Sadav mOL^ 

. ' k W^^PPi'aaay.iiiui^ developed a widely used weth^ • ^#P§fi 

dispo^.eao^of iichcan a ^»S! * 5*Ifi 



-^i'^fe^lSl^L 3 '?^!' ' (13.12) 
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Fig. 1 3.12 Part of a 4 x 4 ordered dither dot pattern in which several of the patterns^l^ii^ 
have single, nonadjacent dots. Such disconnected patterns . ^^^u^ 

halftoning on laser printers and for printing presses. 



This represents the set of patterns of Figure 13.8. ^Vv^^ 




i 



1 11, 1 

,1^4: '^l:r^-v^?J 

the recurrence relation is •^•■•fy^vv-'i,- " r - 

Applying this relation to D (2) produces ; '4 : v-v il M' l;;:i - ; - ; - y v ' ; 



.'- ■ • \ .'■ Vr ft*- - .' V* X-^ft 



■ V ' ■■ 



(i3J3)iK^BS ; 



D (4) = 



o ;8 ;>2 ,,io 

12 4 14 ,6 
3 11 



1 9 



■The techniques 



5 ^siinied tha^ the image array bei 
than the display "device's pixel an-ay, so^hat muW^ 



:.(13.14);pgj|^. : 
(13.15)^^^.:; 

is smaller^^^?^^:' ■ 
be" used for one^^^|.^ : ^' 
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Fig.s13-13 Dither patterns for intensity levels 0 ta- 13 app^ 2 
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: T Captation of; the ordered-dither (either clustered-dbt or dispersed^ approach lan'St 

;^ used. Whether or not to intensify the pixel at point (x,y) depends on the desired intens§# 

- S(x, y) at that point and on the dither mafrix^ display the point at (x, y), Wco^ P ut£8L 

: ,.J: ,i : -Jl..._i.,_U:J :;';.•.'-:{; •' •" ■ ' ••' 

^ / = * modulo n, 

y* = y modulo n. 



' (13J6)^ 



Then, if 



pixel inlhf ima^^ 

controls 1 pixel in the *^;mi'm*\d&i& areas tftigfl^'tiSSffim 
delayed exactly as when the image-array size is less than the displayfarray ^size3o%l|I 
effect of equal image and display arrays is apparent only in areas wheri intensity tries 

Figure 13.14(a) is a face digitized at 512 X 512 and shown on a 512 X 512 bllevel ^l 
display ^^^^J^P^^P.i^ multilevel pictures shown earlier 
ESJ?^ ^^^W^M^ ^^^ dither appear in [JAEV76afll 
JARV76b; ULK87], where more ways to display continuous-tone images on bilewl* 
' displays are described.' 1 ;•••■/;'•*• v-^-v-; ■.: " ^r%S# ' 

Error diffusion, another wayjo handle the case when the image aSdlspiay arrayllf 
equal, was develoned Kv FInvH and ^tf»ink»«r» rcirvvnci. 



visual results areloften 




are equal, was developed by Floyd and Steinberg [FLOY75]- its 
satisfactory^' The^^erroF ti the Texact pixel value and^the 

approximated value actually displayed) is added to the . values of the four image-array 'fia^^. 
to the right of and below the pixel in question: £ of the error to the pixel tomeright^to "St 
the pixel below and to^he left, | to|e|ixd^medmt e ly below, k 
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and to the right. This has the effect of spreadihgrbr ^i^ihgf the error oyer several pixels in&uU o 
the image array- 

Given a pictures to tedisp^ 
the displayed values in / are computed for pixels in i sii^-lirieo^ from- : w 

the tppnwst ^line^;^^ 




^ {Step 2 



gjgft 



: " ' {Step 3: 'spread of error into pixel bd^^^K^^M^ : ^A 
' S\x,y ~ 1] := + 5 * errw /16; ^^p;:^^^^^:^; 

. {Step 4: spread of error below and to the right.) r 
: 5[x +1, ^-1] '^[^ if^i] 5 V^r7i'6'W^^^ 



5, welhiust ensure that the fourl^m 
errors sum ' exactly to 'error; her ro^^ allowed? This can be done by]^ ^ 

calculating the step 4 ^ error tenn as erroFminiis the error terms from the ; first three steps? 
The function'X^^ iriterisily^&^losest to the actual pixd 

value. For a bilevel display, the value of 5 is simply rounded to 0 or 1; ^ n 

Even better results can be obtained by alternately scanning left to right and right to left; 
on a right-to-left scan, the left-right directions for errors in steps 1 ,2, and 4 are reversed;^ 
For a detailed discussion ^ methods, see [ULIC87]. Other^i 

"appro^^ ..;-|^,;: 
Suppose the size of the iniage^array is less than the size of the display array , the number^r 
of intensities in the im^ge And Jispl^^^ual/ahd we wisH to display the image at the size|^v 
of the display anay 5^ 1 2x5 1 2 image and an\ ; y 

8-bit-per-pixel, 1024 horizontally and r ; 

vertically in the display array i the replicated pixels on the display will form squares that are" 
quite obvious to the eye? To avoid this 'problem^ to calculate 

the pixel values. For instance, if an image S is to be displayed at double resolution, then the ^ 
intensities / to display (with jc = 2x' and y = 2y') are - iT 



I[x,y) 

/[* + u ji- 
nx, y + l] 



:= S[jt', /]; 



I[x+ l,y + +S$ + \ f y'} + S[x',y' + 1] + S[x' + l/y' + l]).f • 



See Section 17.4 for a discussion ^ of images, ■and^o^'.v.; 

Section 3. " *~ ' ^^-^ 
applicable 




574 Achromatic and Colored Ught 



13.2 



CHROMATIC COLOR .^u-m^iim "<^kf^i^ >.;vi ir 
The visual sensations caused by colored light are "much richer than those caused by 
achromatic Hght/Discussions of color perceptiori usually involve three' quantities, known as 
hue, saturation, and lightness. Hue distinguishes among colors suchTas r^y green, purple, 
and yellow. Saturation refers to how far color is from a g^^eq^l'iol^^^Red is highly"! 
saturated; pink is relatively unsaturated; royal 'blue^is, h|^y^lijrat^_ s£y blue is relatively 
unsaturated ". Pastel colors. are ; relatively urisatu^ more white 

light than do the vivid, saturated colors. Lightness notion of 

perceived intensity, of a refl^ of 
lightness to refer to the'p^ 

reflecting light) object, : such : ^'WT^hVbulb^th^ sun; or a CRT; i f ^0g; :f|::v 

It is necessary to specify arid measure colors if we are to use them precisely in computer; 
graphics. For reflected light, we can do this by visually 'comparing a sample of unsown 5 
color against a set of "standard" samples . The unknown and sample colore be viewed 
under a standard light source, since the perceived color of a surface depends both on the 
surface and on the light under which the surface .is viewed. The widely used Munsell 
color-order system includes sets of published standard colors [MUNS76] organized in a 3D 
space of hue, value (what we have defined as lightness), and chroma (saturation). Each 
color is named, and is prderedso as to have an equal perceiyed^^ space 
(as judged by many observers) from its neighbors. jKELL76] giy&aF discussion 
of standard samples, charts depicting the Munsell space, ja^^les of odor names. 1 i : 

, In the printing industry and graphic design ^pro^sjon^^re ^ypiwjiy specified by 
matching to printed color samples. Xolo£^ used 

•.color-matching system. [. . ; . ... .. . : '. s J; i\ " 

Artists often specify color as different tints, shades, and tones of strongly saturated, or 

; pure, pigments. , A tint results from^adding ^ 

decreasing saturation . A shade comes from adding Vtlack pigment^ to a. pure pigment, 
thereby decreasing lightness.. A /one is die, c^ and white 

pigments to a pure pigment.. AU these steps prwuce different colors of the same hue, with 
varying saturation and lightness. Mixing just grays. Figure 

13.15 shows the relationship of tii^ 

must be mixed to match a 'color can be "useVl as a color specification. The Ostwald 
[OSTW31] color-order system is similar tp"& 
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The Munsell and artists* pigment-mixing methods are subjective: They depend on human 



observers ^judgments, the lighting, the size of the sample, the surrounding color, and the v g^*f;£ 
^ overall lightness of the environment. An 'objective^ quantitative is J^rf^ 

i^iineeded, and for this we turn to the branch of physic^k^ 

in colprimetry are dominant wavelength, excitation purity ^ Md luminance/: ' : ^''.W?^M ; ' y 
* m$$ : Dominant wavelengthis the wav^length]pttiie color w^ the light, ^^1^^ 

j and corresponds to the perceptual notion of hue 2 ; excitation purity corresponds to the 

b saturation of the color, luminance is the amount or intensity of light. The excitation purity M 
d of a colored light is the proportion of pure light of the dominant wavelength and of white | ^||| :^ 
: , light needed to define the color. A completely pure color is 100 percent saturated and thus : 
contains no white light, whereas mixtures of a pure color and white light have saturations 
; i somewhere between 0 and 1 00 percent. White light and hence grays are 0 percent saturated , 
: - containing no color of any dominant wavelength . : The correspondences between these p ^ 
^.perceptual and colorimetry terms are as follows: ^^p^^ 5 ^^^^^^^ ^ ^ ^ JSk 

Perceptual term;-; 

-■^■v.Hue-f > f / v:^;^' ^fe-Dbminarit Vravelength^ 

> ^Saturation -.v. : ^ s 7^:>*vv ;3?feExcitiation purity impz ^-stit^s- • 

Lightness (reflecting objects) Luminance 
Brightness (self-luminous objects) Luminance 



Fundamentally, light is electromagnetic energy in the^400- to 700-nm wavelength part of | : 
the spectrum, which is perceived as the colors from violet through indigo, blue, green, i - 
yellow, and orange to red. Color Plate 1.34 shows the colors of the spectrum. The amount of 4 
energy present at each wavelength is represented by a spectral energy distribution P(A), such ^ 
as shown in Fig.U3.16 and Color Plate 1.34. The distribution represents an infinity of 
numbers, one for each wavelength in the visible spectrum (in jpractice, the distribution is 
represented by a large, number of sample v points on the spectrum, as measured by a ^ 



2 Soriie colors, such as purple, have no true'dbminmt^yam see later. 
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spectroradiometer). Fortunately,- ;we can describe^the visual ^efl^t^of any *spectial^^ 
distribution much more concisely by the triple (doming jpuri|y^^^ 
luminance). This implies that many ^different spectral energy distributions produce the same )tll| 
colon They "look", the same. Hence the relationship between spectral distributions and '*$$t 
colors is mariy-to-one. Two spectral energy distributions that look the samearef^led 
metamers.0 r '^.- ■ - r\ - '--ffii ^-^/t[ iliitf I^F 

Figure 13. 17 shows one of the infinitely msmy spectral distributions P(A), or metamers, §^ 
that produces a certain color sensatio dominant N^velerigth^ there is a spike bf : ^^ 




purity is 0 percent; when e x = 0, excitation purity is 100 percent^ 



(defined later), depends on both ^ and e 2 . In general, spectral distributions may be mbi^i 
complex than the one shown, and it is not possible to determine the dominant wavelength 




Howjdoes this discussion relate to the red^greenf iaSd Wue" phosphor dote 

tionf which is l>s@i6n^fe^ 

the hypothesis that the retina has thrw kinds of ^ ^ 
sensitivity to red, green, or blue lights? Experiments based on this hypoitheisis pixxiiKre tiiej^^ 



spectral-response functions of Fig. 13. 18; The peak blue response is around 440 rim; "that'^^ 
for green is about 545 hm; that for red is about 580 rim. (The terms ^TedV and "green" aielfltl 
spmewhat misleading here^as the 545 nm "and 580 ririi pe^ ^ire Actually in the >^iow!^^ 
range.) The curves suggest that the eye's response to blue light is much less strong than is 'its ^ft 
" response 'to red or. green. ~n iv^;;%;# v ^ >v-- v \i} f> y -'Mf^ 

- H Figure; 13. 19 shows the luminous-efficiency furktion; ihtty&s response to light of ^f|| 
constant luminance,Tas the dominant - wavelength is v^^ 
yellow-green light of wavelength around 550 rim^There is^ 

curve is just the sum of the three curves shown in Fig. 13^ 18. ^ '""-'v^'^-WI^^^^ 
The tristimulus theory is intuitively attractive because it corresponds loosely .ta the"^^ 
notion that colors can be specified by positively weighted sums of red^green, and blue (thef*^* 
so-called primary colors). This notion is almost true: The three tolor-matching functions in 
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^Dominant % & l ' ' ^ ' ^ ^ : - 
wavelength^ j^h^f?- ' ^\ - 



Fig. 
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purity; 



"- ; ; ' -' ;/ -;-^v '-"-400' & w^-;<>r ; .?,;>v^.% 700 
v v ; i? : s ;^ Violet v ,iVyavelength, nm $ n lRed 
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^ {} ;:C ..,; r> ^ 400 ,440. -480 .520 J560 600 .640; 680m^t; ' 

Fig. 13.18 Spectral-response functions of each of the three types of cones on the : 
human retina, z^y^ ^ s^si^ 




Fig33 20 show the amounts of red, green ^arid blue light n^ed by'an r average observer to; 
match a color of constant luminance, for all values of dominant wavelength in the visible 
" spectrum? ^ ^¥f* jn -- ■ - x ^<^m^. * .4^ \ y fr t lf;;^ : ' 

; A negative value in Fig 13,20 means that we cah^ together 
the primaries; However, if one of the primaries is added to the color s^ple, the sample can 
then be matched by a mixture of the other two print^es! Hmce^^ Fig. 
13.20 indicate thaftlie prim being ^matcli^^ The need for 

negative values does not mean that the notion of mixing red, green, and blue to obtain other 
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Fig. 1 3.20 Color-matching functions, showing the amounts of three primaries needed 
to match all the wavelengths of the visible spectrum. : Z:Z^-\^-'^^m 

■ ■ -.•;•>• • '■■■■> • •■ ' .. ■ ■•• -■' ■ •••• ' ' '''''^'0fM$$k 




colors is invalid; on the contrary, a huge range of colors can be matched by'-positiy^ 



amounts of red, green, and blue. Otherwise, the color CRT would not work! It does meM^i^ 
lioweyer, that certain colors cannot be produced by RGB mixes, ."and hence cannot be showff^i^ 
on an ordinary CRT > 



The human eye can distinguish hundreds of thousands of different colors in color 
space, when different colors are judged side by ; side. by different viewers who state whether ;|||f 
. the colors are the same or different. As shown in Fig. 13.21 , when colors differ only in hiie/^p 
the wavelength between just noticabjy ^ different cplp more than 10 nmlat'flie^" 

extremes of the spectrum to less than 2 nm ^ound 480 hm (blue) and 580 nm (ydlow^^i 
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500 } 600 
Wavelength, A (nm) 
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fit 



Fig. 13.21 Just-noticable color differences, as a function of wavete^ 
ordinate indicates the minimum detectable difference in wavelength between a^jace^ 

color samnles. fSnurne: Data arp frnm TRFDFfiftl \ ^v.ii&j&t*:?: J::, i • '< -:\ r;*%^f&ig&&M^ 



color samples. (Source: Data are from [BEDF58].) 
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;v f^The q« is less sensitiyelo hu^'cli^esrin lWsiKu^ 

saturation tends to 0 percent, all hues tend to white. SensiUvh^^^ 
r ; : >J; "fixed hue and lightness is 'greaterat the'extremes of the;yisible : "sp^trum; v^ere%6^ 23|^fe 
" ^vp a; ctinauishable steos exist. 1 Around 575 hm^onlv 16 saturation stem £i»n^^ 




• / colors we can see v The -Y^pi^ intentionally defined to 

function y A that exactly match^ the luminq^ 19? Note jhal^^^p. 

\ : mtikki*A> Vxi $$d?A ^ nqt^ 

in,l^ig v 13,20^wjnpt^ of red, fgreen, and. blw.^i^^^are ttierely^^^' 

- auxilliary functions used tqcqmpufe togeAerlp^^^ 

generate^ metamer of 



texts such as [WYSZ82; BILL81]. The distributions were defined 
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Fig. 13.22 The color-matching functions Xry^anti ? A , for the 1931 OE%W s Z J ' i, *»* 
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- subtend a 2° field of view on the retinai the original 1931 tabulation is nbm in 

work relevant to computer graphics / A later 1 964 tabulation for a ;10? field of view is Wt^w 
/generally useful, because it emphasizes larger are^ of constant ^ are normally 

found in gr^cs ; ^^^ 7 ^ V : Sh^^^^iM : - • 

v ^v; , The three C3E color-matching fonctionsjare linear OTmbinatio^ the" polor-matching 
functions from Fig. 1 3. 20. This means that the definition ,of a' .cbloir ^wifii xed , green, and 
blue lights can be converted via a linear transformation into its definition with the OE\&M 
primaries, and vice versa. ■ ^;r-"; : '-^ "l^-- 7\"; V V V """"^ 



U objects,^!^^^ 
^ uisuall^elected such lhat bright white has a Y value of 100; then other Y values will be in 
- the range of 0to''100.'Th^ ' ;\ X \<4§§ 



ft 

it 



m 



- f » aw ax (13.19) m 

" Where P v (Xj Is'lililCSp****™^ * nl *'*™'di*^ lioht siniirri* ic"rVir»c#»n a'c iUtkt8$$& 



source is chosen as thefpjp^ 



'0- : 

-Jkk'K 



■standard for whiteTln practicer these int^ra^ by suniifhafion, as none ^of ||||f 

the energy distributions are 'expres^ l / i 

Figure 13.23 shows the cone-shaped volume of XYZ space that containis visible colors . ^fi^ 
The Volume extends biit frbm the origin ihto tt isf Sapped at the smoothS^ 

curved line terminating the concur -r; - - ^ ^ ^ y i -m.;:^^ 

Let (X, K, Z) be the weights applied to the CIE primaries to match a color C, as found " : - ^^ L::V " V: 
using Eq. (13.18). Then C = X X + Y Y + Z Z. We define chromaticity values (which 



depend only on dominant wavelength and saturation and are independent of the amount of 




■AM 



' " ^f*t^ 



Fig. 1 3.23 The cone of visible colors in CIE color space is shown by the lines radiating 
from the origin. The X + Y + Z = 1 plane is shown. (Courtesy of Gary Meyer, Program of 
Computer Graphics,jCornell University ^1978.); ^^ v ^ 
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m4 '--m* jufhinous energy) by normalizing against X 
?s'^ouht ,! of light ^n^g^l^'^^^-*-^^^- - 




; J Notice that* + y + z = 1. That is,'i$y, and z aire on the (X P'Y -£*Z = 1) plane of Figt^^te 



' m&f^rand Z fr° m * anc * y, however^Tb recover them, we need one more piece^of information, : lf|ife 




4? ,.^oi^a^. ^-5 .<^y&£^ 

.^4-^ iv.^^- X^-vyX^^ V 

\ w T \ Ghromaticity values depend only -on dominant .wavelength arid ^saturation arid are^^fS; 
{J ; iride^nderitof toe amount of luminous energy. By plotting x and y for all visible colors , we 'Mm^§ 
" ' : ' obtain the QE cHromaticity (diagram shown in Vig, 13,24, which is the projection onto the^^^ 

" £ ^ "hbreesKoe^haped region represent all visible chrorriaticity v^ues.(Ail perceivable colors 

with the same chromaticity but different luminances map into the same point within this illtee 
' ? region.) The 100 percent spectrally pure colors of the spectrum are oh the curved part of the '^§i§|- %c 
" boundary .A standard white light, meant to approximate sunlight, is formally defined by a ? lpj;'. 

' "' ';. ..*■•' ' ■-^^^ - - .^-* 

■ . ' .•: y;-m& 

v.;.'^i 6.fi:0.1-.;p.2 0.3 0.4 0.5 .0.6 0.7 0.8 ...... ;., ■. ; . - ' ::\-yr :-/^§^^l 

5,] i;f Fig. ;r 13.24 Jhe CIE. chrpmaticity;d^ periphery] are in I^-i: 
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5 ??. Achromadc and Colored Light 




The Cffi chromaticity diagrams ^ 
the dominant wavelength and excitation purity of any color by matching the color 'with J rf^ im- 
mixture of the three CIE primaries, (Instruments called colorimei(ti : measim 
J,;*nd ? val ues » froin^which chromaticity coordinates are computed Rising W (13.20V ^ 



a -n*:^"^^^^ nererore; coior a can be thought of W*W%m W$ 

Thus,* defines the dominant yvavelength. t£^3f iSgb "AC to 
a percentage, is the excitation purity of A ; The closer A is fo Q me f more white light 
includes and the less pure it is./; . ,, '■■■\^.i**£0m„ 

The chromaticity diagram factors 0^ luminance, sc^ xolor^ sens^ns^3|^^ 
J um,n ^' r ^ lated are excluded. For instance; brown, which is an orange^ed ch^a^cit^S^I ^ 

all different. '■ : -** *' v ;-*-^ ^ ^^•••••'v- ••.^•^/^■■r. ^ . , .-rsjyj? 




life 





13.2 



1&f¥^> "^iiwH^ati^Color .. 583 



• 'TL' 



is 



intersects 



the horseshoe part of the curve at point B\ and is d^igriated by|t v "c" (^re about 555 nm ; v ; : ^ 
^ Tlie ^citation purity is still defined by the ratio "of tehgfe (1^^ to CG). The colore ;. 
that must be expressed housing a complementary d^in^t ^ 
magentas; they occur in the lower part of the CIE diagram still 
be made to fit the dominant wavelength mbdel of Fig: 1 3 . j 7 ^irithe^ense ttiaf if we take a 



<r v ^^^t show the effect of adding colors together; Any tw colors f say / and J in Fig, 13.26, can ^^g| 
■ ^ ^ V be added to produce any color along their cot^ 
the two colors being added; A third coIot^^ 

uiixtures of / and 7 to produce the varying ^l|^p 

>- - relative amounts. The shape of the diagram shows why ! yisibie^,'grej^^ 

be additively mixed to match all colors: No triangle whose .vertices a^^Ain theyisiblej|^|^^ 
area can completely coyer the visible ^a : -.j:Y^;/^^ 

The chromaticity diagram is also used to compare me gamuts available on various i'color^^^i 
display and hardcopy devices. Color Plate D.2 "shows me gamite for a color teleyuibn 
monitor, film, and print. The chromaticity cc<irdmates for the phosphors in two typicai^^^^ 
monitors are these: . • : V'^^S---^-"*'- •• ^:p*v:V-'-vy,r 

; Long-persistence' phosphors <.y-: -y_- . ^I§^l% : k; • 

Red Green Blue • . j ^M#P.'-Y ; '\ 

0.62 0.21 ' 0.15 f-r'O 

6.33 0.685 0.063 



Short-persistence phosphors 



x 

y 



Red 
0.61 
0.35 



Green 

0.29 

0.59 



Blue 
0.15 
0.063 
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smallness of the print gamut with ^ 
. W a? if images originally seen on a monitor must be fmAf^iyrep 



gamut of colore shouldbe used with the monito, ^erw^ nw' : 19l 
d be possible. If , however, the goal is to mate a pleasing i^er 

email Hiffprences in .color cramnfc nr*».. 1<»cc iimnnrtonl .X-'A '■: : Ale~t™*iZ^'&^ : ^^^ir^'MiA 



-.-■> , Z,) to color Cj + AC, and the distance from color C 2 = ^fy^S tocS'c^ AC^henWft 
AC = (AX, AK, AZ). Botfdisten<» 
nerceived as beinc eaual. This is hftcaiisftof th* wriatinn 



7%The .1 976 CJE uniform color space was developed in'^iol^o^^'i^^^^, 
ior,.?£!:> ^i/js (Xn,7»» Z„) as the coordinates of the color that is to be defined as ; white: ffielnuce 'is 'defined^ilP 




w' = 



4X , = 



9K 



"'» = 



4X„ 



,X n + 15y B t,3Z n ' 



X ■ + 11 SY '+ 3Z ^v ; ^"'-- ./'f f 1 ?- 22 ^^ 



•fl'' 
$8 



v ;.;.,".X+,i5r. + 3z 



The shape of the 3D volume of visible colors defined by these equations is of course"^^ 
different from that for CIE (X, Y, Z) space itself j3.23).^^^^^, ^m<^MffS§ 
With this background on color, we now turn our' attention ' to^coi6rin''"^mwfe^^ 
graphics. . ' -i.^. -r'- \ : 'V: ? '" : #ili^ 

13.3 COLOR MODELS FOR RASTER (GRAPHICS 



A color model is a specification of a 3D color coordinate system and a visible subset in the '^S 
coordinate system within which all colors in 'a^^ 

RGB color model is the unit cube subset of the 3D Cartesian coordinate system. r #f 
The purpose of a color model is to ai low convenient specification of colors within some 
color gamut. Our primary interest is the gamut for color CRT monitors, as defined by the v« 
RGB (red, green, blue) primaries in Color Plate II.2, As we see in this color plate, a color ifl 
gamut is a subset of all visible chromatiat^es^ Hence, a color' r^eijcannot be 'used toSSl 
specify all visible colors. This is emphasized in Fig. 13.27, which^hoWthat meg^ 
CRT monitor is a subset of (X, y, Z) space.~-, -^ ' '^^r •• ^1 .^^^^W 

Three hardwar^prientell color mddeis^are'RGB, used With color CRT m6nitorsSyiQ;i|^ 
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^ Fig. J 3.27: The color gamut for a . yr .~ Tvr _, T: .„. T ^„_, ;i .^-„.,.. ^ 

^ 'range^bf colors that can be "displayed oifTthe monitor is c of all^^^p^l 

colors visible in CIE space. (Courtesy of Gary Meyer; Program of Computer Graphics, 



Cornell University, 1978.) 



I. 'A 



another class of models has been developed .with ease of use as a goal. Several such models Iff* 
are described in [GSPC79; "JOBL78; MEYE80; SN^8]^\Ve disc^thi^ "the.HSy^p 
(sometimes called HSB), HLS, and HVC models^te^ft : v - 

§■ With each model is given a means of converting to some H 

this conversion is to CIE's (X, >VZ) space: This ^conviersion is importartl, because CIE is the 
worldwide standard. For all of the other models; the convereion Js to ^ we pan j^^g^^i 




13 

Aft 



vfert frbniFsay; HSV to RGB to : tHe''Cffi' standard;/*^ 
.3.1 The RGB Color Model v^;^ 




«'~ / * the red/green, and blue (RGB) color m^el used in rolor^C^ color rasitrM^M^Ml 

v ^.-graphics employs a Cartesian ^coordinate; system. 
:, ^..primaries; that is, the individual contributions of each prim^^ yieldl^^||^j| 
. v , -the"resuit, "as suggested in Color Plate II. 3 ' the subset of interest is the^uinit cube shown in |i ?J|^Wif 
; i-H: Fig. 13.28. The main diagonal of the cube, with equal founts of each pnma|y, .represents Sf^7^| 
' the gray levels: black is (0, 0, 0); white is ( 1 , 1 " * 1 ) . ' CoipVPlates II . 4 and II ! 5 show seveia^;^ 
views of the RGB color model - : : V? > ; - ■ ••?-•. 



^Blue = (0, 0, 1) % Cyan =J0, 1, 1) 



Magenta = (1, 0, 1) 



■White =(1, 1, 1) 
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' :r,J-?*'J. 




The color gamut covered by the RGB model i^efii^ly the c CSCT Wim Ipf- 

.. ■. ■ - ,- s - . . . — 

transformations M x and M 2 from the RGB color space of each monitor to the (X Y, Z) colorSiS? : ?3S 
space. The form of each transformation is: M?;ii> ■•-/;;•:.■"'., :>L -. 

■ S '" 



phosphors. Two CRTs with different phosphors, will 

colors specified in the gamut of one CRT to the ! gamut of anomer CRT^ ^ can use 



Y 








'r 


r 








G 


z 




MM 2 *. 




B 




inlied to the monitor's RHR rnthre tn finH Y^k^A 



where X T9 X v and X b are the weights applied to the monitor's RGB colore to 




'x 




"r 


Y 


= Af 


G 






B 



. :] ■ , ... : /;'":V;.V ;-(13.24)1W 



- .1 • 



; h Yi/ With M, and Af 2 the matricies mat convert from . each of me two^;m 
; dE;-Mf 1 M 1 converts from the RGB of monitor 1 to. the RGB of monitor 2. This matririK| 
product is all that is heeded if the color in question lies in the gamut^j of pom monitorsS^^ 
What if a color C, is in the gamut of monitor 1 but is not in the glamuT pi ^'jn^itpr^Thf^S 
corresponding color C 2 = M?M X C X will be outside the unit cube and hence will not be J^J 
displayable. A simple but not very satisfactory solution is to clamp the color vaJues^hat is^il^ 
to replace values of 'R, G, or B that are less than 0 with 0, and values that are greater thaii 1^|| 
with l . jvlore^ satisfactory but also more 5 fcoinlplex%p^ 



manjuta^ If not;; aj colorimeter can klso 'be "used to^measure ';th^^|^ 

" chfohiaticity c^rdiiiiate^ directly i; br a srccSx^ 
which can then be converted to chrbmaticity coorfiriates using Eqs. x ( 19), arid^li 

(13.20). Denoting the coordinates by (x T ,y r ) for red, (^ g ,y g ) for green, and (x h ,jfy forblue^lM 



ors are usually ."available ^from'CRT^^ 



and defining C r as 
we can write, for the red primary; i 



<13.25);;ttf 

■ ■■ '■:-m^m 
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G 




B 



The unknowns C r y C g , and C b can be found in one of two ways [MEYE83]. , : Firet,Hhe. 
luminances Y r , Y g ,aad Y h of maximum-brightness red, green, and blu^^be knowngr|^^ 
can be measured with* a high-quality photometer (inexpensive meters can be ^ b y.factpr^^^J 
of 2 to 10 on the blue reading). These measured luminances can be 'combined wim the^g^r 
known y r 



These values are then substituted into Eq. (13.27), and the conversion matrix M ^timjS^^: 
expressed in terms of the known quantities y r ), (x g , y g ), (x b , y b ), Y T , Y v and y b . Jl||§3|||| 
We can also remove'. the iinkno^'-^ables^from E^. (13.27) if know pr|c^i^^^^ 
measure the X w , l^fand Z^for the: white color produced when /? = G = B =1. J^hi|^^^ 
' case, Eq. (13.27) can be rewritten as' - s ': v .• ^ ' " ^a*********** 











A. 





•.fe.v'^r'.'O 



(1 : -> r -y^Mlr x g - >,)i.O -*b - J b )J L c b. 



A 




(13}29)T^W 



-solved for C r ,;C g , and t b (the bhly^kriowns)/ and' me resulting values substituted irito^? |f| 
Eq. (13.27). Alternatively, it may be that the white color is given by x w , y w , and y w ; in^^^g^ 
case, before solving Eq. (13.29), we first find.Sg-^ : : ^^;r''v"v*- •'' -V- '4SiSSS^ 



•^y.»l=^ r ' is 7 = z 
7w v. : . 



(13^30)^^11 

. ..■ -i v tV- 



13.3.2 The CMY Color Model 



Cyan ^magenta, and yellow ''are?the^mpjenien^^ red, green, and blue, resr^ctiydy 
When us«l as i filters to subtract color from white light, they are called subtmctive primdri&^$^ 
The subset of the Cartesian coordinate system for the CMY model is the same as thai for ! | ^ 
RGB except that white (full 1 ig;ht) jnstead of black (no light) is at the origin. Coloreare 
specified by v^tislremovedor'subl^ed from white light, rather than by what is added, .to ^MM. 

.blackness.- • K ■ ." : - • " '■* • "■■ ■■■g$WM^ 

A knowledge of CMY is important when dealing with hardcopy devices that depgtj^^ 
; v colored,pigments onto paper, such.as electrostatic and mk^et plotters :\^hen a surfacgjs^^ 
coated with cyan ink, no red light is reflected from the ^ surface^^n subtracts 
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^ditte primaries; ^^;^.^,;thai^; blue plus greet Similarly, mf|^K 
absorbs ! green, so it is red plus blue; yellow absorbs blue, so it is red plus green* Al^lK 

\ »*E?R 2*°** *! ^W^J^g only green to be reflected fiSgf 

; illuminating white light. A cyan, yellow, and maiehta surface absorbs red, green a^ bffw 

■ and Ujerefore ls black, These relations, diagrarnm^.in>igi 13.29, can^ n ^» 

' Plate II.6 and are represented by'thc Mowing e^on:^ ! . -y^lMM^^m 




The conversion from RGB to CMY is then 













"/?" 




Y 




~c 






r 










i 




Y 



The^traightforward transformations can be used for converting the eight colors that SntlL 
^chieved with bmaor combinations of red, green,] and blue into the eight SoS^ 
ach.evable w„h binary combinations of cyan, magenta,^ and yellow. This conversion 2 1» 
relevant for use on ink-jet and xerographic color printers ^ : " ^ 

is n^n h l C f° ,0r m< ? d ' CMYK ' USCS black (abbreviated as K) as a fourth color. CMY&M 
is used | the fo^ojor p^r^^ 



(minus red) 




,;.-v.rv. ,V"&i;«f 



(mihusgreenj 
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- ;C:= C - K ? ----- ^.^-^ : i**^ -M^;' 
^-■'Y:== Y — K ^ ^ *?j W?m<n&*£^^^ 



(13.34)1 




The YIQ iiwdei is us&i m U.S^&mmercia^ 

closely related to color "mter girapW rec6dirig : 'of ,]^|^J^mission^^^> 

efficiency and for downward compatibility^^ recbded^S;^? 

signal is transmitted using the National Television .System Committee (NTSC) [PRIT77]p|^|||; : 

. ;<■■..<: ./•■.>-.^-f>^ ■• • ' . * 

, system. . i ^p.^ %4>'-U ,^0^^* ^ . •■■ Vf;-:— ■ 

The y component of YIQ is not yellow but luminance, and is defined to be the same as^^c^ 
" the CIE Y primary Cndy^tiw^ c?! or TV signal is shown on|^^;- 

? bl^-and whiteielevisions:^ model uses a^C|g; 

3D Cartesian crordinat^ m ^";- c ffr' 
maps into the RGB cube. , s . . ; : ; . ' ' • / • 

The RGB-to-YIQ mappingls defined as follows: ■*-*■ 



Y 
I 

La 



0.299 0.587 < 0.114 
0.596 -0.275 -0.321 
0.212 -0.528 0.311 



(13.33)^ 



The quantities in the first row reflect the relative importance of green and red and the • 
relative unimportance of blue in brightness ; The inverse of the RGB-to-YIQ matrix is used/ 
for the YIQ-to-RGB conversions^ 

Equation (13.33) assumes that the RGB color specification is based on the standard 
NTSC RGB phosphor, whose CIE coordinates are ^ 



Red 

x 0.67 
y 0.33 



Green 

0.21 
0.71 



Blue 

0.14 
0.08 



and for which the white point, illuminant C, is jr w = 0.31, y w = 0.316, and Y v = 100.0/ . / 

Specifying colore with me YIQ model solves a potential problem with material being' 
prepared for broadcast television: Two different colors shown side by side on a color 
monitor will appear to be*Ijfferent, but, when converted to YIQ and vie^jpn^a 
monochrome nranitorr^cfl^^tq)^^^.,^ same. This problem can be avoided i bj^/j 
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specifying the two colors Jvith different K valuesln^^^ color model space (ii^^J 
adjusting only the' Y value to disambiguate fhem)$^^^ vl££& "•• Wl^lllf 
The YIQ model exploits two useful properties of our visual system. First, the system j^^S 
more sensitive to changes in luminance than to changes in hue or saturation; that 'is^^ll 
ability to discriminate spatially color information is weaker than our ability to discrirninatel^|| 
spatially monochrome information. This suggests that' moWbits'pf .b^widm' sS^^ 
used to represent Y than are used to represent I and Q, s6 as to provide higher ^c|§Su^^fc^ 
Y. Second, objectejhtf opyer a ^ small pjritf protluce a limh|fcog^| 

sensation, which cain ^ specified ad^ 

This suggests that either 7 or Q can have a lower bandwidth than "^'o^^^yfsc^^; 




:$..L 



13.3.4 The HSV Color Model 

The RGB, CMY, and YIQ models arelnart^ 

saturation, value) model [SMIT78] (also called tire HSB model, -'Wi^^jEff^r' faE^ghtn»s) ii' 
useronented, be^ and tore.' TJielliB \ 

coorbmate sys& the model is " 

defined is a hexcone£ or six-sided pyr^i^ the hexcone tt| 

corresponds to V = 1 , which contains the relatively bright '%lon./^e rolbrs of the V = 1 1f|lf 
plane are not all of the same perceived brightness, howeven'Coior Plates i II 7 and n.8 show ^Sf 
the color model. ■- "* ; * r " \ v — """" :4 ' -r:^^ - . 

Hue, otH, is measured by the angle around the vertical axis, with red at 0°, green at -Si! 
120°, and so on (see Fig. 13.30). Complementary colors in the HSV hexcone are 180° 
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^s^q cblbr Moai^foF Raster Gi 
■.^- r- Green :^^ellow^^^»''- . ' 

^ / /White \ 0 „ '^W^f?;--- ' /• 

* ' f • V . .,~r;o* *■ »;. i-r-.y -^V;- 1j ^Vl'^-i-V^ ' . 





Fig. 13.31 

cube are solid; invisible edges 



opposite one another. The value of 5 is a ratio ranging from 0 on the center line (V axis) to > jj§^ 
on the triangular sides of the hexcone. Saturation is measured relative to the colo|^muft^- 
represented by the model, which is, of course^a subset of the entire CIE chroinaticity^ii 

: diagram. Therefore, saturation of 1 00 rjercent ' in the model is jess than 100 -Srcenf^ft 

: ' excitation purity. - -.^ ^v''^!^:^ 

; -^mp^rhe hexcone is one unit high in V,' with Mthe apa^^origin! The point at the a|ex^isSSt 
: j " black and has a V cot>rdinate of 0^ are irrelevantfge^S 

=.,-■* -P point 5 = 0, V = 1 is v^ii^Inten^ia^values of V for ^=,6 (on me center line) 1^ 
grays. When 5 = 0, the value of H is irrelevant (cajll|by^ 

i is not zero, H is relevant. For example, pure iped)s w at7/r= 0,* 5 == V = 1 ; Indeed ^any^ : -¥ 
color with V = \ , S = 1 is akin to an artist's pure pignient used as the starting point ihT y 
mixing colors. Adding white pigment corresponds "to decreasing ^(without changing V)^l ^ 
Shades are created by keeping 5=1 and decreasing V. Tones are created by decreasing 
;o v both S and V. Of course, changing H cbn^sp^Kis to^electin^ the pure 

to start. Thus, H, 5, and V correspond to i concepts from the artists' color system/ and aref!!^ 
not exactly the same as the similar terms introduced in Section 13.2. " v ^®i|^V- 
-i The top of the HSV -hexcone corresponds to the projection seen by looking along "'the^ll V. 
r principal diagonal of the RGB color cube from white toward black; as shown in Fig; 13.31^1 
The RGB cube has subcubes, as illustrated in Figrl3.32. Each subcube, when viewed alohgf ; ^ 



.'■■":'^:'.'::.^i.y-r3t' : : r.';^--'.'r?p' xJ^iiri^^pff;- 



Magenta 



i 

\ - , ■ / 
rr - -r 



Green /:^>X .. . ( v 



'■'.■■■'r^V 




iur-w ;; 



n 
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procedure RGB_To_HSV (r f -g;b : real; var A, s\ v : real) ■ :^r^ ; j^0 

{Given: r, g, b. each in [0,1] ; L".V . . • . •'-"v^f, 

Desired: /i in [0,360), j and y in [0, 1] except if s = 0, then h = UNDEFINED, which is some 
constant defined with a value outside the interval [0,360].} 
begin i^c: - : ^.„4-r. "// • 

max := Maximum (r, £, 6); : r : / 
mm := Mimimum (r, g, 6); / 
v := max {This is the value v.} 

{Next calculate saturation, ^} ; ^ 
" if max o 0 then ; / ' . . 

.f: : ;-r J (max -:min)fmax ■ ■: S-Vf is*' iflie ;saturation. '} ^V-r- ■ 
else s := 0 



if s = 0 then ^* 

A : = UNDEFINED 
else 

- '- begin 

delta := max - min ^ 
r -. max then s : 
- h:=(g-b)ldelta 4 
else if g = max then 
^1>:= 2+{b 7 r)ldelta, 



aU0}^r:-:^i^^^ 



{Chromatic case: Saturation is not 0, so determine hue) -\m 



{Resulting color is between yellow arid magenta} 




{Resulting color is between .cyan and yellow} 
else if b = max then : 
i h ;= 4 + (r - gj/dejta ; , ^ {Resulting color is between magenta and cyan} : 
h := h * 60 ; ^Convert hue to degrees} 

•"■^V^-^^rif a' <;o ttieir\- i; '^ , . f • 

A:=7i + 360 {Make sure hue is nonnegatiye] 

'•"'■"end {Chromatic case} - r - ; ^ " '•' ; 

■ end {RGB_To_HSV} " : ^ e ^ ^ ■ ■ V/ : " - •: 

^vvi'^; f}9- 13.33 Algorithm for converting from RGB to HSV color space, -s. 

its main diagonal, is like the hexagon in Fig 13.31 , except smaller. Each plane of constant J;^, 
V in HSV space corresponds to Such a view of a subcube in RGB space. The main diagonal l|p 
of RGB space becomes the V axis of HSV space. Thus, we can see intuitively the |f §M 
correspondence between RGB and HSV. The algorithms of Figs. 13.33 and 13.34 define 
. the correspondence precisely by providing conversions from one model to the o\^;^^^M 

13.3.5 The HLS Color Model ■ I ''-If 5^1"^ 

The HLS (hue, lightness, saturation) color model is defined in the double-hexcone subset of ^| 
a cylindrical space, as seen in Fig; 13.35. Hue is the angle around the vertical axis of thef| 
double hexcone, with red at 0° (some discussions of HLS have blue at 0°; we place red at O^fif 
for consistency with the HSV model). The colors occur around the perimeter in the samelsl^ 
order as in the CIE diagram wheii its boundary is traversed counterclockwise: red, >ellowy^p 
green, cyan, blue, and magentajThis is also the same order as in the HSV single-hexcone^j 
model. In fact, we can think offlLS as a deformation of HSV, in which white is puHIp 
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procedure HSV_To_RGB (var 
{Given: in [0,360] or UNDEFINED 

Desired: r, g, /», each in [0,1]. } f i • < : .. '.t"^f:y : u<y/ .■:>: :, 
begin ' 




■•'.y,x • 



if j = 0 then 
if h = UNDEFINED then 
; begin 

r:=v; 
g := v; 
6 := v 
end v 
else Error; 
^ else : /• ' \:C 
: begin '(:;'' • V * : 
If* = 360 then 
h := 0; '>■>-• 
A:= hl60\ f ^^ 
j := Floor (A); 

/:=*- 
p:=v 

<7 :=v 



{The color is on the black-and-white center jin^|j|^^ 
{ Achromatic color: There is no tiiie^ } "V-^ v "'9*?^ 
1 'Tiis is the achromatic case. } ^.'/S--' ' <?' 




(360° is equivalent to 0°. j v,; 



{A is now in [0,6)^} 

[Floor returns the largest integer <= h) 



= h-i; ■ ■ >, ' • \ \ ,{f is,ihe fractional part of h.) ^dk^M^^^d 
:= v* (1 -s); 'ii^^t^ 



case . i of '. " i/7 ; ;: ; r^"> v ^^";'^. • ' • • 
0: (/% g,b) := (v, f,p); ; {Shorthand Pascal for triplet assignment} 

c ■ 1: (r, g, *) := (^V/p);*;** f\ ; v ' ■ > - ^f"^ "■ ^ 

2: (r, g, fe) := (p, v, /); 

■;k3: (r, g, 6) := (p, q, v); ^^v^-: ft- 

4: (r, g, fc) := (f, p, v); - ' " 

^ ,5: (r,g, 6) := (v,p, ^ ; . -fu,; 



end {Chromatic case} . 



end 

lid { < 

■ end { HS V_To_RGB j 
Fig. 13.34 




' >m HSV.to RGB color sp— 

•upward to form th^upr*r"h« 
model, the complement of any hue is located 1 80° farther around the double hexcone, andg^^ 
saturation is measured radially from the >^ic^ a^ surface^#|^^;: 
;• Lightness is 0 for black (at the lo>yer tip of the dou^^ tol^to white^at the upper:- - 

tip). Color Plate II.9 shows a yiw of the HLS ^pffi 
saturation in this model are similar to, ,bVar£notS 




r 



..,.\.;. .... ■ 

594 Achromatic and Colored Light 



.'.■.•*«.r.-i#-5. 




Black 



Fig. 13.35 Double-hexcone HLS color model 



if 



The HLS model, like the HSV model, is easy to use. The grays all have 5 = 0, but the 
maximally saturated hues are at 5 =1, L = 0.5. If potentipme^ to specify the;Xy 

color-model parameters, the fact that L must be 0.5 to get the ^strohg^( possible colors is a y:;. 
disadvantage over the HSV model, in which S = 1 and V = 1 achieve the same effect. 
However, analogously to HSV, the colors of the L = 0.5 plane arc -not all of the same ; 
perceived brightness. Hence two different colors of equal perceived brightness will ; • 
generally have different values of L. Furthermore, neither HLS nor any of the other models 
discussed thus far in this section are perceptually uniform, in the sense discussed in Section 

13.2/ ; ; n ' v : :: 

The recently developed Tektronix TekHVC (hue, value, chroma) color system, a / 
modification of the CIE LUV perceptually uniform color space discussed in Section 13.2, 
does provide a color space in which measured and perceived distances between colors are :i 
approximately equal. This is an important advantage of both the CIE LUV^and TekHVC ^ 
models; Figure 13.38 shows one view of the HVC color mcrfd, and Color Plate II. 1 1 shows J 
another view. Details of the transformations from CIE to TekHVC have not been released.^ y 
However, We see from Eq. (13.22) that the transformation from CIE XYZ to CIE LUV is ^ 
computationally straightforward, with the cube root being the most computationally inteh^^;, ; g 
element. Thus, we expect that perceptually uniform color spaces ^willicome^ 
"widely used in the^fute^ ; 'v : > '^'iK-jf^ 

:v - " y ■ •*■ -■■V^v-^ - v . ■ -y'S^^m 



mi 



in [0, 1], except if s = 0, then h = UNDEFINED. } - : ^-^MtSsA < 
{This is the ^gh^f ?sj " 



I {Achromatic ca^e) ^ 

gin'{Chrc^atiC'Case};:: : * ■* 7i#;?- Ji ' " :; - . r !- T ^^^^ 

{First calculate the. saturation.) w; :r Ui h::.;,- : ^ : y / ^V. 



{Given: 

Desired: * in [0,360), / and s 
begin 

max := Maximum (r, g, b); 
min := Minimum (r,g, fe); ; 
/ := (max + min)/2 " 
{Next calculate saturation) 

if max = min then [ -w^wi.*.-. . 

begin {Achromatic case, because r^g^bV^^^^ 

. -J 0; ... •* a^x*^^ 

/i := UNDEFINED ^gg'' ;^^^^^T^f^ 
end {Achromatic case) 5 
else 
begin 

{First calculate the saturation.) 
if /<= 0.5 then 

s\=(max^m '""-^o'-^^t 
else ""j .:= (max - min)/(2 - max - ' min)\0'% >^^^f0 
,i {Next calculate the hue.) 
delta := max - mm 
if r = max then ? - 
h~.= (g-b)ldelta 
\ ^ else if g = max then 
i /': • h:=2 + (b-r)/delta 
i : else if 6 = max then 
< ••- h:=4 + (r-g)/delta; 
: .<:'k h:=h* 60 -y-^r^C:)] 
if /i< 0.0 then 
/i:=/i + 360 ■ 
end {Chromatic case) 
end {RGB_To_HLS) 



{Resulting color is between yellow and magenta) 



{Resulting color is between cyan and yellow) 

{Resulting color is between magenta and cyan) 
{Convert to degrees) ^ 

{Make degrees be noiinegative) v ^ 





Fig 13.36 Algorithm for converting from RGB to HLS color space. 



Y3.3.6 Interactive Specification of Color " v - : >.[.: :: - • , . . 

; Many application programs iallow the user to specify colors o^ j 
If only a small set of colors is provided, menu selection from samjgraoff the available colors ^^Jf|{ 

- is appropriate. But what if the set of colors is larger than can reg^My;be displayed in a , ?|||| 

• menu?':-;. ?*• ''<■'■ -r- 7 <- ^iiy-^r-'rS -<-i:!.->^\^<::~ -i--^ • ••t^.>!^«fe i; ^^^'H^- ■'■'^^^•:t-:^^Am 
;,. : The basic choices are : to, use English-language names, to sjp^ify the numenc 

j:r coordinates of the color in a color space (wmer b^yping 
^h v directly with a visual representation of Jte color space v y..J 

- ; ..because it is ambiguous and subjective (^alight nayjrblue wtha^hof g^n'');and it is*0^,s m 
1 also th6 Antithesis of graph . rnt7Pifft^i ^crrih^c PN55. a 

^m : ;kvfiairiy^ 




It 
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procedure HLSj.T6_RGB (var r, gibil real; h, l/v, 'riil)^mM^' 
{Given: h in [0,360] or UNDEFINED,"/ and 's m't6,i].|||^%f^P 
Desired: r;#6; each' in [0,1] )"•? .; / 

function Value (nl, n2, hue: real) 

- ••' begin i^i"'^-:-;):^ V- 
if /jmc > 360 then 




Aiie:=ifiMC- s 360 



else if Am 




0- ■' jA'V. 



Value :=/i2 
else if W < 240 then 

Value :=n/ + (n2 -nl) * (240 - hue)/60 
else Value :='/i7 
end {Value] 
begin \^-K':"v ; ; ?■'*' 3 5 -^ 
if / <= 0.5 then > ^ 3 ^ 
- m2:=/*(l+5) 
else 

* 



"ml ^2 */-m2' : -^^ 



{Achromatic: There is no hue.) 

{This is the achromatic case.) 
{ Error if s = 0 and h has a value } 
{Chromatic case, so there is a hue) 



if s = 0 then 

" if h = ' UNDEFINED then 

" ' " " 5 /" else E/f/fO/f 

else v- " -v- ,.- s 

begin.;.'- .-. ^n-^i^Ms^M^ 
"; v ?^ 120); : ' ; ^t^^^^ir 

■ g *= Value (ml y m2> h)\ : • • 

b := Value (mi, m2, A - 120) • ; r V ^ ^^•^•;iy,^v.. 

. : ri nd {HLS_To_RGB} ' ^...e? . 

Fig. 13.37 Algorithm for conyierting from HLS to RGB color space. 



Kill 



Sill ^ 



. yellow. In m ex^riment , Users of CNS were able to specify colors more precisely than were 
'users who entered numeric C(k>rdinates in either RGB - br : HSV -^pace^M^ W:- :; I^S^ 

Coordinate s^cification can be done with slider dials, as in Fig^l3^39 y using aiiy of 
the color models. If the user undersitands how each dimension affi^ 
I technique^^^ w interactive specification method is to let the usct fy" 

^ interact mT^^ 
- on the circle (rc^ td^etmnine which 'slice^^, , 

r of thej HS V>61u^ in the tr iangi^^Tlie cursor bn the vffianele ran be 'mo^d^^. ^ 



si; e around to specify saturation and value. As the line or the cursor is ^ moved, the numeric MM 
i^., x ^ ^ ^readouts change v yalue. jwhen the user types iiew values directly into the numenc readoutSjff^ 1 
^ rr . >? ; : ? the line and cursor are/rerasitionM_ -The mlnr samnle Jhrnc^ Rnftu«ttnp^ 






widespread belief that the HSV modeLis especial^tractable, usually making it the modeiSlll 
/ '.'X'.as'the l^inr nf 'tkft'simr^ 





Hue ^W'^v v Saturation •■im?-W$*"^^ 





Hue: 



65° 



&■ Saturation: 1.00 
lvalue 



^ Value: 
Color Sample: 



.50 



mm 



Fig .1 3 40 T A conveniefW^yto specify colors in HSV space. Saturation arid vaiue are"^^ 
shown by the cursorin the^na^ 
user can move jthe line -a 
readouts '^ be! upd 

indicators Bxhangel Slidlrldials for H& and V could also be added, giving the user.li 
accurate control over a single dimension at a time, without the need to type values; ;%f| 

manipulates the slider dials, the color sample changes. However, a person s perception of js&gl 



mm 
SIS 

ipl 






Color interpolation is necessary in .at least torc,^^ (Section^ g 

L 16.2:4), '^mtiali^i^ ^S^tio^. ljj^M^ a S ; S 

fade-in, fade out jeqi^n^ 

which the colors iare interpolated; thus, care must betaken to 
If the conversion from one color model te>; ^ 



(representing the interpolation path) in one otIot ni^^ 

model, then theresults of linear inte^lation'm^ will be the same/ This is. th^lPfSi^^. 



case for the RGB , CM Y , YIQ , and tl^color j^elCall of which are related by ;simpl^|^J 
affine transformations. However, a straight line in the RGB model does nor in ;gener^ 
transform into a straight line in either the H$V or HLS m§3els. Color Plate II .14 .shows toe^||| 
results of linearly ihterpojating between the samelwo colors in ^the HSV, ^^^J^^Zf^i^^. 
YIQ color spaces. Consider the interpolation bet^en red and greeii. In RGB , red J= (1 , [OtJS^- 
0) and green 1= (0^ 1, 0)/ Thleirj.inte^ 
convenience) is (0.5, 0.5>0). Applying algorito this'result/g;5J 
we have (60°, 1, 0.5). Now, representing reel and green in HSV; we have (0°, 1 ; 1) 
(120°, 1,1). But Interpol^ we have (60°, 1, 1); thus, the 




mm 




13.4 




'tf complement^^ 

. _ - A\ ffAMn *• roc 1 1 1 1 c frrtrri tra n c frvrm I n o <J n H ' t Vi *>n i ntArnAl o f 5 ri r» ; ^ ^<t^iSS^^S^^SSsSSl^&Si 



gives different resulte from ^sformi^*^^ 
For Qouraud^h^ 

generally, j^clo^ together that the Jntei^lat^ colors are close toge^er !if^|2^ 




Color images are reproduced in print in a 1 
but four sets of halftone dote are jmntoi/;^^ 
another for black . In a process i&l<& r i^ 
; i cyan; magenta,; and yellow. This create^ 

^primaries; and h^te^ ^ing by de<^ j^lpW i^^^^f 




^spatially integrate ^ 

the proportions of primmesi in^ 

i the r same phenomenon; we exj^rie^^ bju^oj^^^^f; 

-on a color monitor. - ^ v ; /^fe^r^^ 

We. infer, then, that color reproduction in print Md on CRT 
spatial 'integration used in monochrome repr^ te<%^S^^: 
niques discussed in Section 13.1.2 can also used with color to extend jtoe num^ 

) available cblor^^agam at the ^pen^ of 
pixel, one each for i^, grah£a^ X2 pixel pattern area to obtain 1 25^^|p-# 

different colors: each pattern cm display ^ of red, green, and blue, by^|?^ 

using ;the halftoi^ colo^^pf % 

•-combinatwns.^^ 

Not all color ; reproduction mstance^^|| ; i€ 
xerographic color copied, -ink-jet plottere ^ thermal cojor^ printere , actually niixj^^v^ 
subtractiye pigments on the ^paper's surface to obtain V colors .^InJ^^ I 

/xerography, the colore^ 

heated and melted together. The inks sprayed. Sp^M^^lB 
; integration may be used tqjexpand the .£o|orjnmge fa 

A related quantization problem occurs when a roi^magej^th h bite per pixel is to be^|S^ ^' 
displayed on a display of m <^ n bits j^rpi^ 

resolution musthtiz^^c^' " . ~~ . 

should be displ^^Tj^hat 

: . smaU^^tof^^ f . , 

, \s P The simple answers set of display ^colors ;arid a fixecl "map^iM^^^ 
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displavable colors are all the combinations of eight reds, eight greens, and four blues. The S^if* 



specific Values for die red; green, 



- r ; 1.0 raiigetin arat^ iSe^tion 13/lVl^rah im 

i -^.,^'and h^e"64"l^s^for ^ch^ * n ^-on|p^ 
! ;t i% ; • The 64 blue colors are maDDecl into 'Must frnS^&K 



Iff: 



v soacel they might all be displayed as the same blue, .whereas the other three displayable^##l 
blues might go unusw^ possibihty^into ^account and 
would divide up the bliie-^^ basis of the^disiiibution of values "in ^ tbe^fl^^^ 

Heckbert [HECK82] describes two approaches of this- ty^ 
'■ the median-^ut dg^ 

' ^ uses the '2 m 3f§ 

r ^*m^ colors In r the '--mappii^ a box Ife^; 

^ around the "colors used hfifo^^^^ ! : &e];l^^ong f its^ lc^CT^imensipn at jflie : ^^ 

■^^^ 

colors • Two display mbmtbre v be calibrated to create the same tristimulus values; the';^.-.P; 
^ ; : ; : 4 1 v^ u i^i^p {JS^^s Bescnbcxl iifa^H m ^ 

the chromaticity coordinates of the monitor phosphors, then to adjust the brightness and ^3 fit 
" "contrast ccmtrols^^^ ^ 

='G : ^BfaM id detenriirie the^pro^ 

1 ; : ^ Iwk^cxactly 1 ike the Image on a xlteplay is difficult,fi||^ 

■r..:, ' because maity and -r^ff 

of the CRT us^ in^ by the CRT in the film ; v i 

^ recorder; the filters used in the ; film Borden usedjvthe - quality and ; ' S|p 

temperature of the developing; chemicals, the length of time the film is in the chemicals, and ; |p 
the color of lighf emitted by the bu all th^e ^ d T 

; ^. variables;can ";l^'^u^tified 'iuid coin^ll^^albeit^ yiffic^lty r 

l ^' :y ? ^ Controlling the colof match on printed materiah process, 
;v with its c^h ; m^ black p^ control to jfctf^ 

maintain registration and ink flow. The paper textiire; 7 ^^ and gloss also affect the 

result. Complicating matte the^simple ^ subtractive CM Y color rribdel discussed in 
Section 13.3.2 'Hnhof:^ account these 

r complication^ in [STQN88]. '■ >^f| v 

v ; - ' f Ewn if CTtr^ to match 

- ? - ! ^ the 



same 



measured chroriiatidty coordinate ^ 

» «*nrnuinrtinn ic ncii^ilv f ulthnitoh nnt alwavcl tn ma i nta in rnlnr rpmtinnchinc hpt\i/ppn c«Vvv^d5i? 
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. fr ' , Using Coloring 7^\W^^W 

13.5 USING COLOR IN COMPUTER GRAPHICS , . s^^HHh 

* ^ use color fbraesth^ 
- identify associate areas as being 
effcctivdy for these purposes T " tend to like color, even when there is no 

quantitative 'evidence; that it 1 



corresponding monochrome presentation, ^m^^^m^^^^m^^ 
^color reduced u^ 

* v Color should be^lo^e^^^ 

* B ; me' : 'fiinctional us^o | 
meaning: Thus, me use of J 

. tested with real users to identify and remedy probjjems^f c^^^ii^uj.w^^j 

have other preferences, so it is common practice. to VSS^^^SSSS^^^0^^m\ 

^color usage 

approach to color selection is to designfirst 

- use is purely redundances awids^/^^ 

■ , T .* v: . i ■'_ i -rL - -«™^^Uw^«a /licnlw: Additional information 



• / as a unique code fofebuttori^tu^ 

■^y;o Many books have beenl^tten^onAe use of color to; aesthetic purposes, mcludingjgg^ 
, [BIRR611; we state here just afew of the simpler rujes that help topr^uce^olor harmony,^ : ||| | 
The most fundamental rule of color aesthetics is to select colors accordjng to some mediod ^gg^ 
typically by traversing a smooth path in a color model or by restricting the colors to planes 

- Furthermore, colors are best spaced at equal -pfftg^^tap^J^a^^wm as 
being at equally spaced increments of a 

vRedall too that linear interpolation; (as ^f^^Mi^p^! f^ dUC ^&» 
different results in different color spaces, (see ;&cercise s J3. l&and Color ; Plate II. 14) 
» A random selection Of different hues and saturations is usually quite garish. Alvy Ray - 
: : Smith performed an informal experiment in which 

generated colors. Not unexpectedly ;?the grid .was ,unattractive.^orting :the. 256 colors , ; 0^m 
< r according to their tf, S, and V values and redisplaying them on the^rid jn ta 
improved the appearance of the grid remarkably. . :i , A u.^*^. Wfe.; ... 

More specific instances of these rules suggest Aat,ifa ; chart contains just a few colors r ^ 
the complement of one of the colors should be used as„the background, A^neutral (gra£ 
: background should be used for an image containing many different colors, since it is both • ; . g 
harmonious and inconspicuous. If two adjoining colors are not particularly harmonious, a . 
thin black border can be used to set them apart. This use of borders; ^flso more eft^ve.fo^^ 
^ the achromatic (black/white) visual channel, since shape detoctio^is fecihtated by the Mack ^ • 
':r ^;tn„. s«WV ft of these rules are encoded in ACE (A ColorExpert^an expert system .ftiHH 




* ^ Aclwmatip Colored U9hf^^^^.^^ : 





have the same color may be seen as related by the same color code^eyen ,ifithey;are"l^ 
''^*?#'fw^ ^bom:,to^roiip IpntS^ns^^S 

rvrj-i'"'"C^distinguish display elements, such as different layers of a printed .circuit toard \m VLSI chte^fr 



A^mbeFo^ 

^^ff:^cl^^ 

Vl^^^^nten^man'itls'lo variationTiri chromaticity'plin^ should v^ip 

^^^Iro^ 

J;1J§f f^ftaS that differ ^bnly m J^^^tof 

■ v ?- ::-^k s v ■ - ~>.J ■ uilf J u!I ? f.;^ ; ,™ . "Ai'viL l-xiUA-'Ufti*^ -kltiA >ancit!t7a /«Anao enroot rtiit fdr+l-l^i- r\n w»*iw*^ : -Hk^^ 



r ' ^ ^ - - ccm^ both 

: ; y - r ^ 0 |^ effective 

^ • ^T^um^ on awhite^ very well ;||| 

# :t«t ^that i t«t in;^g 

...^fv.v-or:- -^ite blick" fiighlight)f as is'coirimOT'on -^^^^ 
^:vf ^ r ^^^ prwides^a good x^trast th^^^ than white|||| 

onW^?itisgb^ to avoid reds arid greens with low saturation and luminance, as these are j^^. 
1 ' ' • ' ' "the colore confused by those of us who ire red^green color blind, the most common fbim|fg|f 
tr ' ■ !: Wof*c^ deficier^^Meyef ^and Greenberg describe effective - ways to choose 

k;-v^,- v^ :; ^ ^ } The'-^ xan^^ ;oty ecte , ;a^ 

*ij-^*s^- ».:*u vul viAMTcr- — ^elj' so bolor coding should hot be applied to small &||f| 



; f objects; In p^ color ofobjects subtending less than 20 to 40 minutes of 

"arc is e^ 1 inches high, viewed from 24 inches'|§|^ 

•••••^ >i:o*««^\ ^»u#aa^o ^c, which corresponds to about 7 pixels of 



/ ^ inches. It is clear that the color crfaj^^ I 

: rsihgle^xd is^uiti*^^ s ^.SRiS I 
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and ,.then 



rfgl w>ics elsewheire^^an afterimage -pf the large^a 

and causes eye strain. Use of large areas of saturated colors is hence unwise^ Also, large 
■ areas of different colors can appear to beat different distances from theyiewer ■ 'because the 
'\ l P:fW\ndex of refraction of light depends ^ its fcci^ 

'-v^ ::^^7<>'mfww from rm<». mlnrftf! arftfl to another ■ and this change in fornc oiwc th*» imnwRsinn^M^t^ 




^The importance of color in computer graphic TV „ «, „»ww— w ^ w.^ .uvuuvia^^^ 

and color hardcopy devices become the nonn in imahy applicatioris/In tfi^ we have^^^^i 
introduced those color concepts m<&t jriele^ 

see the vast literature on color, such as [BILL8 1 ; BOYN79; GREG66; ; HUOT87; jUDD75;ii^K 
WYSZ82]. More background on artistic and aesthetic issues in the use 6f color in computer " * 
. graphics^ can = be found in [FROM84; MARC82; MEIE88; MURC85] difficult fc- 
problems of precisely calibrating monitore^and matching the colors > appearing on monitors i y 



"?'- fV y with"print|d c&J^ Jre^ '^M^^0j^ 



^ > EXERCISES 



13.1 Derive an equation for the number of intensities^that can be represented by m X m pixel -.l^.^^t 
'•••''^•'••■^■^ patternsV where' each pixei has" w bits* 1 ':? ^-^^i^^^^^Zj. "* ' ,.- 

^ V: 13,2 Write the programs needed to gamma-correct. a black-and-white display through a look-up 
- y^\Vtable/ln^ the number of intensities desired, and tf, the constant in Eq.: ; 

.13,3 Write an algorithm , to display a pixel array on a bileyel output device. The inputs to theV-- - 
algorithm are an m X m array of pixel intensities, with w bits p^r pixel, andjan nXn growth sequence ; 
matrix.' Assume jthat the output device ^has r^o^ m --«-;;^r^'S :: ^^^' : " 

. , . 13.4 Repeat Exercise 1^ using ordered 'dither'. Now the output device has resolution m x /n , the y ^ , 
^same as the input array of pixel Intensities^felppf^^ : W ^Aiffy&x?'^ ' ' ' : : 

ii^L ; ^$»l?*?* J$P&£$ .,^gorithni to display a filled ^iyjgon^oh a bileyel device by using an n X n filling ; v^f^'' ^ 
. ;-;, ; V^pa«^rn. v : ^^.%^v^ : ?S ' 
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E 




(a) 




Fig. 1 3.41 Results obtained by using .intensity ievel 1 from Fig^ 1 3 JB in two wL«. 
a) with alternate 

all intensified pixels are on the same scan iiher ,;ti ' is ■•• l *'.^wr-^v..Sf^;i 



(all intensified pixels are on the same " sc^an^ line) 

; ■ - ' :L ^ ! -^"^&- A - ; /A , o.- f "V ■^^■ij;*^ *-'^t-L"?- 

replications of the pattern will alternate use of the odd and even scan lirSs; -Figure 13 41 sh^'^^" 
results ob^n^ ^ing i^ 

. l->.7 Given a spectral energy distribution, how would you find the dominMt^lemrth? e&tatW®*! 
purity, and luminance; of the roioVit represents? ■'<',, '^^^:f0P^^'vr:.:fe™^ 

1 J.B Flot the locus of points of the constant luminance values 0.25, 0.50, and 0.75?defihed by y ~ " 
W R + ?: 59 ? + °- 1 lB > on '"e^ 8 , 0 "^' J 1 * HLS double hexcone, and the HS V hexcone. ~ 

13.9 Why are the opposite ends of the spectrum Tin the Cffi diagram connected by a straight line? 

13.10 Express, in terms of/?, G, and B: the / of YIQ, the V of HSV, and the L of HSL. Note that/ 
K, and L are not the same. ■ ■,. 

13.11 Calculate in YIQ color space the luminances of foe add 

the primaries by luminance. This ranking gives their relative intensities, both as displayed on a 
black-and-white television and as perceived by our eyes. . . . .v.;, ... 

13.12 Discuss the design of a raster display that uses HSV or HLS, instead of RGB, as its color 
specification, .r- -3 ^v^vj?* ->s?-'"5 v^*s£i^:'i$,<i: .-^*i.iv/>" ^^AwgiS'--- • ;.; 

13.13 In which color models are the rules of color harmony most easily applied? 

13.14 Verify that Eq. (13.27) can be rewritten as Eq. (13.29) when R = G = B = 1. 

13.15 If the white color used to calculate C r , C g , and C b in Eq! (13.29) is given by x„, y w , and Y 
rather than by X w , Y m , and Z,, what are the algebraic expressions for q; Wc b ? " 

13.16 Rewrite the HSV-to-RGB conversion algorithm to make it more efficient: Replace the 
assignment statements for/>, q, and / with: vs := v * s; vsf:= vs *f,p := v - vs- q = v - vsf, t • - p 
+ V5/. Also assume that *, C, and B are in the interval [0, 255], a^d se« ioW many'of the 
computations can be converted to integer. 

13.17 Write a program that displays, side by sideftwo" l6 x 16 grids. Fill each grid with colors The 
left grid will have 256 colors randomly selected from HSV color space (created by using a 
random-number generator to choose one out of 10 equally spaced values for each of H,S and V) The 
right grid contains the same 256 colors, sorted on H, S, and V. Experiment with the results obtained 
by varying which of H, S, and V is used as the primary sort key. 

13.18 Write a program to display on a gray background small squares colored orlnge, red, green 
blue, cyan, magenta, and yellow. Each square is separated from the others and is of size n X n pixels' 
where n is an input variable. How large must h be so that me' cbiorT of eacli "square can be 
unambiguously judged from distances of 24 and of 48 inches? What should be Wrelation between 
the two values of n? What effect, if any, do different background colors have on this" result? 

13.19 Calculate the number of bits of look-up-table accuracy heeded to store 256 different intensity 
levels given dynamic intensity ranges of 50, 100, and 200. . \ -:;v;S;- 

13.20 Write a program to interpolate linearly between two colors hi RGB, HSV and HSL Accept ^ 
the two colors.as input jiallowing. them to be Opacified in an/of these "three models^'" i ' ■ 



